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Abstract 
 
 
Elevated levels of nitrogen deposition are altering the normal functioning of semi-
natural ecosystems around the world. Of concern in Europe are the nitrogen driven 
changes occurring to (semi)-natural ecosystems such as obrotrophic bogs, upland 
moors and lowland heathland. Lowland heathland is a particularly vulnerable 
oligotrophic habitat, with a narrow climatic optimum that restricts the remaining 
fragmented patches to a small corner of highly populated northwestern Europe. 
Increased nitrogen availability reduces the competitiveness of characteristic heathland 
plants, such as Calluna vulgaris, that are adapted to situations where nitrogen is the 
limiting nutrient. Resulting changes such as accelerated productivity, increased 
herbivore and frost damage, and changes in the nutrient limitation status of heathlands 
can lead to invasion by nitrophilous graminoid species, but this process may be 
dependent on (1) the intensity and duration of elevated nitrogen inputs, (2) the relative 
availability of other nutrients and (3) conservation management intended to reduce 
overall nutrient levels.  
 
The present study investigated the effects of nitrogen deposition in N and P limited 
vegetation, and in heathlands around the UK that are experiencing anthropogenically 
enhanced background levels of nitrogen deposition. Physical and biochemical 
parameters of vegetation, litter and soil were used as indicators. A long-term field-
scale manipulation study at Thursley Common, Surrey was used to quantify the effect 
of nitrogen inputs to an N limited system and, in particular, determine how these 
effects were modified by a gradient of management intensity, and an unplanned 
wildfire. The process of vegetation recovery, following a cessation of nitrogen inputs 
 iii
was also investigated. The effects of nitrogen deposition to P limited heathland were 
investigated using heathland mesocosms. Two nationwide heathland surveys 
investigated how the effect of nitrogen deposition within a gradient of background 
deposition in England was modified by environmental factors, such as geology or soil 
type. The first survey examined the effect of stand age (and management) on 
responses to nitrogen deposition. The second survey focused on the physical and 
biochemical responses to nitrogen deposition in Calluna, litter, bryophytes and soil to 
quantify its impact on heathlands across England.  
 
The Thursley nitrogen manipulation investigation showed clear ongoing responses in 
rates of canopy development and shoot growth to nitrogen deposition, which were 
reduced by increasing levels of management intensity. Historical nitrogen inputs in 
the recovery experiment continued to significantly increase rates of Calluna canopy 
development 9 years after inputs had ceased. These effects were re-invigorated by the 
unplanned wildfire. The mesocosm experiment indicated that P limited heathlands are 
susceptible to the detrimental effects of nitrogen deposition, particularly, altering 
shoot phenology and increasing drought stress. Both the nationwide surveys indicated 
that, at a national scale, heathland vegetation and soil biochemical indices are 
responsive to background nitrogen deposition levels within (and exceeding) the 
critical load range, despite environmental influences, such as geology and soil type 
which were also found to have significant effects on these parameters. 
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Chapter 1 
 
General Introduction 
 
 
1.1 Anthropogenic perturbation of the nitrogen cycle 
 
1.1.1 The nitrogen cycle 
Nitrogen (N) is one of the five principal elements essential for life. In comparison 
with the other four, carbon, phosphorus, oxygen and sulphur, it is by far the most 
abundant biologically essential element on Earth (Galloway et al., 2003, 2004). The 
great paradox of this arrangement is that almost all this N is in a non-reactive 
diatomic form that cannot be used by most living things. The low valency of the 
triple-bonded molecular form of N2 makes this molecule virtually inert under the 
conditions of temperature and pressure that are found throughout most of this planet 
(Galloway & Cowling, 2002). To render N useful to life, this triple bond must be 
broken, which can only be achieved using a great deal of energy, or by highly specific 
enzyme processes that occur in a limited number of specialist bacteria (Galloway et 
al., 2004).  
 
The biologically reactive phase of N is described by the nitrogen cycle, a 
biogeochemical process comprising the interactions and biological transformations of 
pools of N in the wider environment (Fig. 1.1). 
 
 
 
 
 2
 
 
 
 
 
 
 
 
 
 
Figure 1.1: The nitrogen cycle, adapted from USEPA (www.epa.gov/maia/html/N.html) to show 
anthropogenic inputs. Entry points for anthropogenic reactive N highlighted / bordered in red, 
including the dry foliar plant uptake route suggested by Hanson & Lindberg (1991). Plant inputs from 
soil biochemical compartments denoted by green arrow lines. 
 
The atmospheric pool of non-reactive diatomic N enters this cycle via three major 
pathways: (1) biological fixation, (2) industrial fixation and (3) the combustion of 
fossil fuels (Galloway et al., 2003). Anthropogenic perturbation of this cycle has more 
than doubled the input rates of biologically active N (Vitousek, 1997; Matson et al., 
2002; Howarth, 2004). 
 
1.1.1.1 Biological fixation 
Biological fixation is enabled by N-fixing bacteria, which exist in the soil, or may also 
form mutualistic relationships with plant roots (e.g. Rhizobium spp.). To a relatively 
limited extent, biological fixation is also carried out by the blue-green algae in 
lichens. A unique metabolic process within these organisms catalyses the reaction that 
splits the diatomic N triple bond to produce ammonium (NH4) under conditions of 
relatively low-energy (Galloway & Cowling, 2002). This pathway has been the major 
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source of all biologically available N on Earth for many millions of years. It is 
thought that on land this process generates around 90 Tg (1012g) N per year (Vitousek 
et al., 1997). The widespread use of N-fixing crops has significantly increased the rate 
of this process, however. It is thought that an additional 40 Tg of biologically active N 
is generated by such crops every year (Vitousek et al., 1997).  
 
1.1.1.2 Fertiliser use and agriculture 
Industrial fixation of N takes place via the Haber-Bosch process, which combines 
atmospheric N with hydrogen at 600 °C using an iron catalyst. The product of this 
reaction is ammonia (NH3), which may be oxidised to make nitrates and nitrites 
(Smil, 2001). These are principal components of the N fertiliser that around one third 
of the world’s population depends on for food production (Wolfe, 2001). This process 
is responsible for the greatest overall anthropogenic burden of biologically active N, 
at around 80 Tg per year (Vitousek et al., 1997). To feed a growing world population 
between 1997 and 2020, rates of fertiliser production are expected to increase by 
160%, putting ever further strain on the biogeochemical ‘sinks’ that eventually 
receive this load. Agricultural emissions include: (1) nitrates and nitrites, the residues 
of which may go on to pollute the soil and water, and (2) ammonia, which may 
diffuse into the atmosphere to become a mobile pollutant N source (Howarth, 2004; 
Galloway et al., 2004). Ammonia may be volatilised directly after the application of 
fertiliser, which is thought to account for emissions of 6.4 Tg N per year (Dentener & 
Crutzen, 1994). However, the greatest emissions of agricultural ammonia occur from 
the bacterial decomposition of urea in animal excreta, at around 25 Tg N per year 
(Dentener & Crutzen, 1994).  
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1.1.1.3 Fossil fuel use 
The combustion of fossil fuels is an entropic process, whereby fuel and oxygen at a 
lower entropic state are combined to produce heat and waste products which are in a 
higher entropic (or more disordered) state (Robert, 1997). An unavoidable corollary 
of the increasing entropic disorder arising from fossil fuel use are the disruptive 
effects currently witnessed in a number of important biogeochemical cycles, including 
the N cycle. Fossil fuel combustion releases N oxides (NOx) as waste products, which 
are a significant contribution to anthropogenic overburdening of this cycle (Galloway 
et al., 2004). N released in this way was previously sequestered in geological 
formations as part of the fossil fuel creation process. An additional fraction of the 
NOx emitted arises from atmospheric fixation during combustion, as a result of the 
high temperatures and pressures involved (Vitousek et al., 1997). It is thought that 
current worldwide emissions to the atmosphere are around 20Tg per year (Vitousek et 
al., 1997). Although emissions of these compounds have fallen throughout the last 
thirty years, this decrease has been inconsistent and sometimes only attributable to the 
vagaries of economics, such as during the recession of the 1990s (Fowler et al., 2004). 
NOx emissions arise from vehicle engines (including aircraft) and during electricity 
production in coal, gas and oil-fired power stations. Given increasing population sizes 
and growing levels of affluence globally, there is potential for these emissions to 
become greater in the future. The UN Convention on Long-Range Transboundary Air 
Pollution (UN-CLRTAP) protocol of 1988 agreed targets for NOx emissions to be cut 
by the industrialised countries involved (Erisman et al., 2003). Clean technologies 
that arose at that time, including vehicle catalytic converters and flue gas 
denitrification, resulted in overall reductions of 9% in those countries by 1994 (EEA, 
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2008). Since this agreement there has been a 34% reduction in overall emissions from 
the UK (NEGTAP, 2001).  
 
1.1.2 Nitrogen emission patterns & deposition 
 
1.1.2.1 Emissions trends 
Following the UN-CLTRAP agreement, the Gothenburg Protocol of 1999 set further 
targets for signatory countries, which are expected to reduce NOx emissions by 
approximately 50% by 2010 (Erisman et al., 2002). The expected reductions in 
ammonia were more modest, however, at 12%. It is extremely difficult to forecast the 
likely results of these sorts of agreements. In particular, there is considerable 
uncertainty in the original estimations of NH3 emissions rates on which some of these 
emissions targets are set (Erisman et al., 2003). Figures for the European Community 
suggest it is still possible that 2010 emissions targets for NOx and NH3 will be met, 
however. There has been a 31% reduction in NOx and 8% reduction in NH3 emissions 
since 1990 (EEA, 2008) (Fig. 1.2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Total annual emissions (Gg) of oxidised and reduced N for the European Community 1990 
– 2004. (Source data: EEA, 2008) 
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1.1.2.2 Reduced N 
Reduced N emissions mainly originate from agricultural sources (Erisman et al., 
2003), which explains their pattern of distribution throughout the UK (Fig.1.3a). This 
distribution broadly mirrors that of regions of intensive farming, particularly for 
livestock (Misselbrook et al., 2000). Because NH3 is particularly reactive it rapidly 
bonds to atmospheric particles and forms aerosols that readily fall as wet or dry 
deposition (Dentener & Crutzen, 1994). The residence time of reduced N in the 
atmosphere is thought to be relatively short, therefore, at an average of around five 
hours. This feature effectively localises the effects of NH3 to within a typical five 
hour atmospheric transit window from any point source (NEGTAP, 2001). As a 
consequence, much of the NH3 that is emitted in the UK is re-deposited within our 
national boundaries. Reduced N is, therefore, the most significant contributor to UK 
deposition totals, despite these emissions being almost half that of NOx (NEGTAP, 
2001). Figure 3 (b, c) illustrates the distribution patterns for reduced N deposition in 
the UK.  
 
1.1.2.3 Oxidised N 
The distribution of NOx emissions in the UK closely mirrors that of road networks 
(Fig. 1.3d), which well illustrates the significance of road transport as a point source 
for this pollutant. As it less reactive in the atmosphere than reduced N, oxidised N is 
thought to have an average atmospheric lifetime of 30 hours (NEGTAP, 2001). It has 
a longer residence time, therefore, and may travel for far greater distances than 
reduced N. This has implications for oxidised N deposition in the UK, which is prone 
to influxes that may have originated from sources far beyond our national boundaries. 
The distribution of oxidised deposition in part reflects this (Fig. 1.3e), as it is 
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dominated by high deposition in several upland areas that has arisen due to high levels 
This may be derived from weather systems that have developed over many hundreds 
of miles, which contain N from sources outside the UK, or the scavenger effects from 
more local systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) (c) 
(d) (e) 
Figure 1.3: Spatial 
distribution patterns in 
the UK of: (a) 
ammonia emissions, 
(b) dry ammonia 
deposition, (c) wet 
ammonium deposition, 
(d) NOx emissions, the 
highest concentrations 
(in red) closely 
associated with road 
networks, (e) oxidised 
N deposition. 
(Sources: (a,d) NAEI 
(2005), (b, c,e) CEH 
(2005)) 
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1.1.2.4 Dry and wet deposition 
 Dry deposition patterns in particular are well matched with ammonia emissions, 
which is reflective of the limited atmospheric residence time of this N form. The 
pattern of wet deposition distribution is similar, but has been affected by areas of 
higher relief, which also receive greater rainfall and, hence, have a higher wet 
deposition load (Fowler et al., 2004). 
 
1.1.3 General effects of N deposition on vegetation 
 
1.1.3.1 Cascade effect of nitrogen 
Galloway et al. (2003) observe that the ‘cascade effect’ of a single molecule of 
reactive N can have multiple effects on the atmosphere and hydrosphere, and on 
ecosystem structure and functioning. This has implications for plant communities, in 
that enhanced N deposition may cause feedbacks, which disrupt processes within 
them and effectively lead to acceleration of the N cycle. Such changes may 
permanently alter the nature of these communities. The cascade of N deposition 
effects to plant communities include: (1) the directly toxic effects of gases and 
aerosols, (2) acidification of soil, (3) increased susceptibility to pathogens and other 
stresses, (4) changes in species composition and competitive dynamics, (5) changes in 
productivity and nutrient turnover associated with N enrichment (Bobbink & Roelofs, 
1995, INDITE, 1994, Bobbink, 1998, NEGTAP, 2001). The eutrophication arising 
from an increase in N availability has the greatest impact on nutrient poor habitats, 
which are highly sensitive to these effects. It is thought that the residence time of 
deposited N in some communities may be in the order of thousands of years (Matson 
et al., 2002). Hence, their influence may potentially have considerable persistence.  
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Oligotrophic habitats comprise the majority of climax (or plagio-climax) vegetation 
types in northern latitudes (Esser et al., 2000). They are characterised by communities 
that are adapted to grow under nutrient poor conditions and with low overall 
productivity. A shift in N availability may unbalance these communities, leading to an 
increased competitiveness (and subsequent dominance) of nitrophilous species 
(INDITE, 1994, Bobbink, 1998, NEGTAP, 2001). This change will often also result 
in losses of botanical diversity. N-driven increases in productivity enhance the rate at 
which litter is produced and decomposed (Anderson & Hetherington, 1999). N 
enrichment alters the C:N ratio of dead plant matter, which alters rates of microbial 
decomposition (Berg & Matzner, 1997; Magill & Aber, 1998). It also increases the 
amount of mineralised N that is released to the soil by microbes, as that which is 
surplus to microbial requirements is excreted (Helios, 1999). Excess N will be taken 
up by plants and is eventually re-deposited in dead plant material, causing a feedback 
of N accumulation. It is such feedbacks that are driven by enhanced N deposition, 
which may take systems to a tipping point at which irreversible changes to plant 
communities may occur (Bobbink et al., 1998).  
 
1.1.3.2 Critical loads 
An attempt to address the problem of significant (or irreversible) N driven vegetation 
changes was the proposal of specific critical N load values for various habitats. 
Critical loads are an approach that attempts to prevent irreversible changes occurring 
by defining maximum limits for N deposition. These are defined as levels of 
deposition above which ‘changes in the structure and function of ecosystems’ are 
detected to take place (Bobbink & Roelofs, 1995). They vary according to the relative 
sensitivity of the ecosystem and may be appraised by empirical investigations, or in 
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combination with ecosystem modelling. They are also subject to constant review, 
depending on the findings of ongoing research. Empirically derived critical loads for 
the UK in 2003 are given in table 1.1. 
 
Ecosystem Critical load range 
(kg N ha-1 yr-1) 
Forests 
Deciduous forests 
Coniferous forests 
 
10-15 
10-15 
Grasslands 
Acid / neutral grassland 
Calcareous grassland 
Montane grassland 
 
10-20 
15-25 
10-15 
Heathland / moorland 
Lowland heaths 
Upland Calluna heaths 
Arctic / alpine heaths 
Ombrotropic bogs 
 
10-20 
10-20 
5-15 
5-10 
 
Table 1.1:  Summary of critical loads applicable to significant ecosystem types in the UK (from UK 
National Focal Centre, 2003) 
 
 
 
1.1.4 Methods of investigating the effects of N on vegetation 
1.1.4.1 Manipulation experiments 
N manipulation experiments involve modification of an intact ecosystem to observe 
any responses that may be due to deposition. They may vary in scale, from small 
greenhouse or mesocosm studies, to those undertaken at a field-scale. Mesocosms 
allow for controlled experimentation on intact ecosystems in ways that might not 
otherwise be possible, such as by manipulating climate or light levels, alongside 
nutrient inputs. With regard to N manipulation, these experiments are similar, in 
principle, to field scale manipulation studies. However, the differences in scale and 
growing conditions can potentially limit the validity of some results from mesocosm 
studies. An important aspect of both approaches, however, is an allowance for 
temporal changes that may occur in these ecosystems in response to N over the course 
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of several years. This temporal scale is necessary due to feedback mechanisms that 
limit the speed of these responses (Cunha et al., 2002). Manipulation experiments 
have been used to investigate two principal aspects of N deposition impacts: (1) 
changes in interactions between competing species and (2) the growth response of a 
single key species (Cunha et al., 2002). N is normally applied as ammonium nitrate or 
ammonium sulphate at rates of 1 - >100 kg N ha-1 yr-1, although it is considered that 
the more realistic responses are likely to be detected at rates much less than 80 kg N 
ha-1 yr-1 (Cunha et al., 2002). Ambient wet N deposition may alternatively be blocked 
by the use of an excluding roof, thereby lowering N inputs, although this approach is 
less common and remains subject to the effects of dry deposition. 
 
The effects on vegetation may be altered by the timing of the N application and the 
frequency by which this occurs. Primarily, it is thought that infrequent N addition at 
higher doses is thought to have a detrimental effect on the microbial community, due 
to large pulses of N being introduced rapidly. Large quantities of N, if applied during 
rainfall, may also be lost to leaching (Cunha et al., 2002). Given that many 
manipulation experiments are focused on semi-natural ecosystems, an important 
secondary aspect of these is the interacting effects of habitat management.  
 
1.1.4.2 Surveys 
Vegetation surveys are a useful approach to investigating N deposition impacts. This 
approach enables an examination of vegetation responses at background levels, which 
are often far lower than the (background + N addition) levels of most manipulation 
experiments. These deposition rates will also have occurred over a longer period than 
in most manipulation experiments, so their responses are likely to be more stable and 
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inherently more widely representative, but are complex as they often co-vary with 
other factors. By comparing data along a N deposition gradient, the validity of results 
from manipulation experiments may be quantified in the wider field. A further 
advantage of this approach is that comparisons can be made between differing 
vegetation, soil or geology types to examine their effects on vegetation. This last point 
is of particular significance, as these environmental variates may modify responses to 
N deposition, meaning that the findings from a limited number of manipulation 
experiments on similar substrates may not necessarily be applicable to every site of 
conservation concern. A limitation of the survey approach is that, owing to the 
complexity of drivers of vegetation dynamics, the N cycle and human impacts on this, 
signal detection in surveys is potentially difficult (Cunha et al., 2002).  
 
Surveys may take the form of linear transects along a pollution gradient (usually away 
from a point source), or spatially diverse surveys, which take place over a pollution 
gradient applying to a regional or national scale.  
 
1.1.4.3 Bioindicators of N deposition  
The impact of N pollution may be assessed by various ecosystem bioindicators that 
are known to respond to its effects. It is important to select bioindicators that are 
appropriate for the vegetation type, habitat and area to be surveyed (Sutton et al., 
2004). N deposition bioindicators may take the form of: (1) biochemical methods, 
which are measurements of the accumulation of N or physiological responses to this, 
or (2) plant species community composition assessments. Biochemical measurements 
involve the laboratory analysis of material collected from the field. Plant tissue, litter 
or soil may be assessed for total N or P or C content, N:P ratio, C:N ratio, extractable 
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(or plant-available) chemistry and rates of enzyme or microbial activity. In surveys, 
some potentially sensitive bioindicators of N deposition are the various indexes that 
may be employed to measure floristic changes in species composition, such as the 
Ellenberg N score or plant species richness (Pitcairn et al., 2003, Smart et al., 2004). 
Tissue N has been found to have a stronger relationship with ammonia deposition 
than Ellenberg N, however, as it is thought that Ellenberg N may be more strongly 
affected by confounding environmental factors, such as levels of disturbance (Pitcairn 
et al., 2003, Smart et al., 2004). Calibration of Ellenberg N values against local 
environmental data and floristic surveys, or biochemical variables such as tissue N is 
essential to improve their accuracy (Hill et al., 1999, 2000, Pitcairn, 2004).  
Tissue N is considered to have a strong relationship with N deposition, so this has 
been the most intensively studied biochemical parameter so far (Pitcairn et al., 2004, 
Bobbink et al., 1993, Baddeley et al., 1994, Hyvarinen & Crittenden, 1998, Pitcairn et 
al., 1995, 1998). A survey of moorland and heathlands in England and Scotland by 
Rowe et al. (2008), however, also suggested a strong link between foliar P and N 
deposition. Additionally, responses may be detected in the biochemistry of litter and 
soil, particularly in enzyme activities, such as phosphomonoesterase (PME) (Johnson 
et al., 1999), nitrate reductase (Woodin & Lee, 1987) and phenol-oxidase (Edmonson, 
2007). Measurements may also be made of trace N2O and NO emissions, which are 
the product of nitrifying and denitrifying bacteria, the activities of which are enhanced 
by N deposition (Pitcairn, 2004). All biochemical responses in litter and soil may be 
strongly affected by variations in moisture and temperature (seasonal variables), 
however, which may in turn undermine their consistency as indicators of N deposition 
(Sikiba & Smith, 2000). 
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1.2. The lowland heathland habitat 
1.2.1 History, creation and characteristics 
Heathlands are defined as plagio-climax communities of mainly ericaceous dwarf 
shrub vegetation, growing largely in the absence of trees or shrubs on nutrient poor, 
acidic soils (Gimingham, 1972). A distinction is made between upland heathlands (or 
moorland), which occur above 300m altitude and lowland heathlands, which occur 
below this. Chapman (1980) provides an ordination of the differences between these 
two, on the basis of soil type and organic matter accumulation, which are thought to 
be a corollary of the different levels of rainfall between upland and lowland areas. 
The lowland heath plant community occurs on the temperate north-western edge of 
Europe, due to its oceanic climate of mild winters and relatively high rainfall 
(Gimingham, 1972; Aerts & Heil 1993). Heathlands are thought to arise wherever 
acidic, sandy-pozolic soils exist and trees have been excluded. The widespread 
establishment of key components of the heathland flora may have taken place during 
the initial stages of post-glacial vegetation re-colonisation some 8,000 years ago. 
These plants would have been particularly well adapted to nascent soils of poor 
fertility. There is some debate as to whether the heathland plant community is always 
representative of a plagio-climax seral state. Gimingham (1972) regards this habitat as 
the climax community of acidic sand dunes and mountainous regions, where altitude 
or poor soil limits tree growth. In other areas, however, heathlands are considered to 
be a ‘deflected climax’ community, which has arisen in part due to human activities.  
 
It has been noted that there is a strong affinity between heathland vegetation and the 
understorey vegetation of coniferous and deciduous European forests that grow on 
acidic soils (Gimingham, 1972). This suggests that some of the present day heathland 
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areas may have come into existence as a result of widespread acid-soil forest 
clearance by Neolithic or Mesolithic man (Rackham, 1986). This act is likely to have 
rapidly leached the nutrients from these soils, thereby creating conditions that were 
highly suitable for the dwarf shrub vegetation of heathlands. Human activities 
undoubtedly played a key role in the expansion of heathland areas at this time. The 
continuous export of nutrients since then, due to firewood collection, cyclical burning, 
grazing and turf-cutting has maintained the sub-climax community of these areas and 
prevented seral succession back to woodland (O’Hare, 1992).  
 
1.2.2 The importance of heathlands 
The plant community of dry lowland heathland is dominated by Calluna vulgaris (L.) 
Hull, a few species of the genera Erica and Ulex and a number of grass species, e.g. 
Molinia caerulea, Deschampsia flexuosa, Festuca rubra (Gimingham, 1972; English 
Nature, 2002). The botanical diversity of these areas is not especially high in 
comparison with other north western European habitats of similar productivity. As a 
habitat, however, they are home to a number of important bird, reptile, arachnid and 
Lepidoptera species that are of high conservation value (English Nature, 2002). In 
addition, several species of rare plants and lichen are also endemic to heathlands. This 
unique habitat is bounded by a narrow climatic optimum, which restricts it to a small 
area of north western Europe (Gimingham, 1972). On this basis alone it is a rarer 
habitat than tropical rain forest. The unique relationship that has arisen between 
heathlands and man over thousands of years is of deep historical, social and 
ecological value. These areas provide insights into the past and present ecological 
effects of human activities on the landscape. The communities of plants and animals 
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that make up heathland are, therefore, of great utility. They perform a combined 
scientific, ecological and amenity function that is ultimately irreplaceable. 
 
1.2.3 Threats to heathland 
In the UK, currently around 16% of the heathland area that existed in 1800 is still in 
existence (English Nature, 2002). Over the last 200 years much of this original 
estimated 375,000 hectare area has been lost due to conversion to farmland, forestry 
plantations, mining, and road and housing construction (English Nature, 2002). The 
heathland that remains now is a fragmented relic. At the beginning of the last century, 
widespread practices of grazing, firewood gathering, cyclical burning and turf cutting 
began to die out (Gimingham, 1972). By export of nutrients, these managements 
prevented succession to scrubby woodland. The relinquishment of such practices 
during the 20th century has allowed nutrients to accumulate and scrub invasion to take 
place. Surveys of the Breckland heaths of East Anglia by Marrs (1986, 1993), Marrs 
et al. (1986), Marrs & Britton (2000) and Pitcairn et al. (1991) each reported declines 
in the dominance of dwarf shrubs and an increased grassiness of the heaths. Rose et 
al. (2000) and Webb (1990) have also given accounts of the increasing scrubbiness of 
Dorset heathlands between 1978 and 1996. The changes in Breckland and Dorset 
heathlands have been primarily linked to changes in land use, however, despite 
conservation management, these problems persist. Elevated N deposition has been 
suggested by Rose et al. (2000) as a contributing factor in this process. 
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1.3. Potential implications of N deposition for heathlands 
and moorland 
 
1.3.1.1 Reductions in the competitiveness of Calluna 
Rapid changes in Dutch heathlands that occurred during the 1980s were ascribed to 
the effects of N deposition (Heil & Diemont, 1983). Invasion by nitrophilous grasses, 
such as Deschampsia flexuosa were a sign that the dwarf shrub community was being 
out-competed due to the effects of eutrophication. These heaths were, therefore, the 
focus of initial research efforts into the effects of N deposition. An investigation into 
competitive dynamics by Heil & Diemont (1983) concluded that the reduced 
competitiveness occurred due to opening up of the Calluna canopy. If the canopy 
remained intact, grasses were unable to colonise, regardless of the level of N input.  
 
Ericaceous dwarf shrubs, such as Calluna are adapted to low nutrient conditions. 
They have a slow growth rate, are evergreen and have mutualistic associations with 
symbiotic fungi (Heil, 1984). The closed-canopy habit of these shrubs enhances 
competitive advantages further by preventing other species colonising. It is also 
thought that the phenolic substances Calluna produces in litter, retards rates of litter 
decomposition (Jalal & Read, 1983). This limits the potential availability of N for 
competitor plants by slowing the N cycle. Enhanced N deposition, however, increases 
N availability and drives accelerated cycling of nutrients (Gunderson et al., 1998). 
Calluna is innately adapted to low nutrient availabilities and retarded rates of nutrient 
cycling by virtue of its slow growth rate, ericoid mycorrhizal associations and 
evergreen habit, which extends the growing season for longer than graminoids such as 
Molinia (Grace & Woolhouse, 1970, Gimingham, 1972). Increased N availability 
undermines this competitive advantage, however, as the increased growth rates of 
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deciduous graminoid species begin to exceed the advantage conferred by a longer 
growing season in Calluna (Heil & Bruggink, 1987). 
 
The enhanced N availability increases overall productivity, which leads to a more 
rapid development of the Calluna life-cycle (Bobbink et al., 2002; NEGTAP, 2001). 
The process of canopy collapse, which occurs at the end of this cycle, may also 
provide an opportunity for grasses to invade, where N has accumulated (Heil, 1984). 
Investigations at Budworth Common in Cheshire have indicated that increased 
productivity may be linked to transient changes in floral composition. Increases in 
Deschampsia flexuosa abundance were observed at N loads of 20 – 120 kg N ha-1 yr-1 
(Cawley, 2001), however, this effect faded in subsequent years (Cunha, 2002). A 
manipulation experiment at Thursley Common NNR, southern England (presented 
elsewhere in this thesis) has investigated the effects of N addition at rates of 7.7 – 
15.4 kg N ha-1 yr-1.  These caused significant increases in rates of Calluna canopy 
development, biomass production, shoot phenology and foliar N, however, none of 
the changes in vegetation composition that have been observed in other studies have 
been observed (Uren et al., 1997; Power et al., 1995, 1998a, 1998b, Barker, 2001, 
Green, 2005). Findings from a long-term N manipulation experiment on moorland at 
Ruabon in North Wales have shown transient effects, however, suggesting that 
vegetation responses may vary over time. Observations at Ruabon include changes in 
vegetation composition and Calluna foliar N concentration and increased frost 
damage (Caporn et al., 1994, 1995a, 1995b, 2000, Carroll et al., 1999, Cawley, 2001). 
 
Damage to the canopy may result from herbivory by the heather beetle, Lochmaea 
saturalis. It is thought that an increased uptake of N makes leaves more palatable and 
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nutritious to herbivores (Mattson, 1980, Power et al., 1998b), leading to outbreaks 
which may considerably damage the canopy. The HEATH project in Denmark, a N 
manipulation study (NH4NO3) involving six sites that have had 0 -70 kg N ha-1 yr-1 
applied since 1993 (Riis-Nielsen, 1997), suggested that these heaths were P limited, 
as no increases in vegetation productivity were found. However, during a heather 
beetle outbreak in 1994, increased Calluna damage occurred to N addition plots, 
suggesting that despite P limitation, N deposition could have detrimental impacts on 
these heaths. The Dutch investigation by Heil & Diemont (1983) used relatively low 
doses of NH4SO4 (1.75 – 28 kg N ha-1 yr-1) to observe changes in the plant 
community. Calluna became replaced by Festuca ovina following heather beetle 
attacks. Heather beetle outbreaks caused opening up of the canopy and, where this 
occurred, F. ovina was able to successfully invade. Management by burning alleviated 
these effects, however. A similar experiment by Heil & Diemont (1983) indicated that 
heather beetle attacks were more damaging where N had been added. 
 
Due to increased foliar productivity, shoot : root ratios may also be unfavourably 
increased, which may affect drought tolerance (INDITE, 1994; Bobbink, 1994; Van 
der Eerden et al. 1991). This can lead to the death of leading shoots, or in extreme 
cases death of the entire plant (Green, 2005). Also, the reduced need to actively 
source soil-based N may affect root development, increasing the ratio further and 
reducing uptake of other nutrients (NEGTAP, 2001). N deposition also advances the 
phenology of shoots in spring time, meaning that these emerge earlier (Power et al., 
1998a, Carroll et al., 1999, Caporn et al., 1994). Early emergence may increase risks 
of frost damage, as these young shoots have not developed the cryoprotective 
physiology of older shoots (Caporn et al., 1994; van de Eerden & Deueck, 1992). In 
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autumn, winter hardening of shoots may also be delayed, which can result in winter-
browning injuries as the first frosts arrive. The combined stresses outlined above may 
undermine the continuity of a closed Calluna canopy, allowing other species to 
invade. As the closed canopy is a fundamental competitive feature, any loss of this 
may be a sign of irreversible changes taking place.  
 
1.3.1.2 Modifiers of N deposition impacts: climate and N form 
The severity of the effects of N deposition may vary according to the timing of 
deposition and the form deposited (Bobbink, 1998). Deposition during the spring-
summer growing season is thought to have a more significant influence than that 
deposited during the relatively inactive winter period. Climatic variables, such as 
temperature, sunlight intensity and rainfall may also modify these effects (INDITE, 
1994; Barker et al., 2004). For example, wet deposition of ammonium (at relatively 
high experimental doses) in strong sunlight may cause burning of shoots (Barker et 
al., 2004). 
 
According to Firbank et al. (2000), the most damaging form of deposition to 
vegetation is reduced N. Vegetation surveys by Smart et al.(2003) and Pitcairn et al. 
(2003) have also indicated stronger correlations with reduced N than other forms. 
Manipulation studies by van den Berg et al. (2008), and Sheppard et al. (2008) have 
also indicated that reduced N has the greatest effect on heathland vegetation. Leaf 
damage may occur directly to the foliage under very high levels of ammonia 
deposition, however, secondary stresses may combine to cause plant senescence even 
at relatively low (cumulative) concentrations. Physiological stress responses to 
reduced N include: (1) stomatal closure, resulting in shoot desiccation, (2) increased 
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foliar uptake of N, and (3) reduced frost-tolerance (Sheppard et al., 2008). Reduced N 
may also be directly toxic to understorey lichens and bryophytes due to the acidifying 
effect of this compound when dissolved in water (Bobbink, 1998). These plants in 
particular are thought to perform an essential utility function as sinks for deposited N, 
which may act as stores for N-enriched run-off (Curtis et al., 2005). Responses to 
reduced N may also be modified according to whether this is deposited in a wet (NH4) 
or ‘dry’ (NH3) gaseous form (Leith et al., 2001). Wet deposition is inherently mobile 
and can be easily absorbed by plant tissues over time. Gaseous ammonia, particularly 
if it enters the stomata, can have an immediate detrimental effect on vegetation 
(Sheppard et al., 2008). Dry deposited N may, however, also accrue during periods of 
low precipitation by binding with atmospheric dust particles. It will then be dissolved 
by rainfall, mobilising as a concentrated acute pulse of N that will cause greater 
damage to some species (particularly lichens) than chronic doses of wet deposited N 
(Bobbink, 1998). Leith et al. (2001) contrasted wet and dry forms of deposition, 
finding that dry deposition had the most significant effect on Calluna overall. The 
differing effects of dry versus wet deposition also have implications regarding the 
spatial distribution of these forms. Dry-deposited NH3 can be acutely damaging 
immediately around point sources, such as intensive animal rearing units and roads. 
By contrast, wet deposition, being transferred in precipitation and therefore more 
mobile, may affect vegetation to a much greater distance away from its source, but 
this will be at lower concentrations. The relative impact of wet deposition is also a 
function of precipitation levels, interception rates and levels of runoff. 
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1.3.1.3 Modifiers of N deposition impacts: P limited systems 
The relationship between P availability, soil type and geology in the potential 
resistance of heathlands to successional change was investigated in a regional survey 
by Chapman (1989). P availability and the soil phosphorus sorption capacity (PSC) 
were found to be the crucial factors determining the risk of scrub invasion. Heathlands 
succeeded to scrub where P availability and PSC was high. This investigation did not 
examine N deposition as a co-variate, however, but suggested that soil types and 
underlying geology were potential modifiers of P availability. PSC was also 
investigated by Manning et al. (2005) who found it mediated the risk of Betula 
invasion in heathlands. P limitation has the potential to significantly restrict 
vegetation changes that occur due to N deposition, specifically by preventing 
productivity increases and also, to some extent, limiting the invasion of some 
nitrophilous plants (Wassen et al., 2005). It is not well understood at present how the 
spatial patterns of P limitation vary in heathlands across the UK, or exactly how this 
may interact with N deposition effects.  
 
1.3.1.4 Modifiers of N deposition impacts: interactions with management 
Four differing management intensities in the Thursley Common NNR N manipulation 
experiment were investigated in Barker et al. (2002) and Power et al. (2002). This 
aspect of the experiment suggested interactions existed between the form of 
management and N deposition. High intensity managements that exported a greater 
quantity of N (ground-level mowing, with litter removal and a high temperature burn) 
were found to reduce some of the effects of N addition on productivity and flowering 
rates. The N manipulation experiment at Ruabon has also periodically required a 
controlled burning management, which resulted in a reduction of tissue N 
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concentration in vegetation and an increase in mineralisation rates. This was thought 
to be related to the effects of nutrient-enriched ash re-depositing into the soil (Caporn 
et al. 1999). In a modelling study by Terry et al. (2004), the interacting effects of N 
deposition and management on grass invasion and heather beetle outbreaks were 
simulated over a 250 year model run. The model suggested that in lowland 
heathlands, a 15 year management cycle with litter removal was necessary to prevent 
an eventual process of grass succession, less intensive managements were needed 
more frequently. 
 
The effects of varying management intensity on heathland nutrient dynamics were the 
focus of investigations on the Lunenburg heath of northern Germany by Niemeyer et 
al. (2005). They used prescribed burning to remove N, concluding that this technique 
would not compensate for the amount currently received by enhanced atmospheric 
inputs. The impact of other more intensive techniques on the Lunenburg heath, such 
as sod-cutting and grazing, were reported by Hardtle et al. (2006). It was shown that 
intensive nutrient removal using this method was a necessary measure to export N at 
rates that were equivalent to present day rates of deposition. This approach not only 
removes substantial quantities of organic matter, but it also reduces the microbial 
biomass, which can slow mineralisation rates (Puri & Ashman, 1998).  
 
The Glen Clunie – Glen Shee Scottish moorland experiment of Hartley (1997) 
involved the application of 75 kg N ha-1 yr-1 (NH4NO3) in factorial combinations with 
P and K, and the modification of grazing intensity. It was found that grazing intensity 
had the strongest overall effect on Calluna abundance. However, the cumulative 
effect of grazing and N addition caused the greatest reductions in Calluna. The 
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interaction between grazing and N was investigated by Emmett et al. (2001) on acidic 
grassland at Pwllperian in Wales. The study showed that under heavy grazing, the 
more N responsive species declined as a result of grazing pressure. The combined 
effects of N deposition and prescribed burning or clipping managements on an upland 
moor were also investigated by Britton & Fisher (2008). The effects of clipping or 
burning were found to be inconsistent at reducing N-driven productivity increases.  
 
1.3.2 Potential effects on litter and soil 
1.3.2.1 Shifts towards phosphorus limitation 
N deposition alters the nutrient balance of soils and this may lead to limitations of 
other nutrients. Phosphorus (P) limitation in particular is thought to be the likely 
outcome of sustained N deposition to heathlands (Carroll et al., 1999). The effect of P 
limitation on vegetation may be detectable in the foliar N:P ratio, which was 
hypothesised by Koerselman & Mueleman (1996). Foliar N:P ratios >16 are thought 
to be indicative of P limitation, so in accordance with von Liebig’s Law of the 
Minimum (von Liebig, 1840), increases in productivity will not occur with further 
additions of N. P limitation places stresses on plants, as they have to divert further 
resources to obtaining P. In the case of Calluna, it is thought that it is well adapted to 
sourcing P from nutrient poor soils (Gusewell, 2004). N inputs put further pressure on 
this capacity to scavenge P, however, which may undermine this adaptation.  
 
One feature of Calluna is the mutualistic relationship with ericoid mycorrhizal fungi. 
Ericoid mycorrhizal fungi are a crucial feature of the Ericaceae that has enabled them 
to compete in edaphically stressful environments around the world (Read, 1992). The 
association with mycorrhizae increases the efficacy of P (and N) uptake, as fungal 
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filaments are far thinner than Calluna roots, which enhances the surface area available 
for nutrient uptake by around 1000 times (Read, 1991). The adaptation is particularly 
useful with regard to P as this nutrient is relatively immobile in the soil. Mycorrhizas, 
along with other soil organisms, also secrete phosphatase enzymes. These mobilise 
organic forms of P to enable biological uptake. N deposition has been found to 
adversely affect rates of ericoid mycorrhizal infection (Aerts & Bobbink, 1999), 
however, which compromises this ability.  
 
The shift towards increasing P limitation favours species, such as Molinia caerulea, 
which are better adapted to these conditions. Competitive interactions under 
conditions of nutrient enrichment between Erica and Molinia in wet mire heaths were 
the subject of a fertilisation study by Aerts & Berendse (1998). N was applied at the 
rate of 20 g N m2 yr-1, together with applications of P and K. The experiment showed 
that although this system responded most strongly to P (and hence was P co-limited), 
reductions in Erica cover, and an increase in Molinia, were attributable to the effects 
of increased P limitation due to N addition. 
 
1.3.2.2 Changes in soil enzyme activity 
Numerous studies have shown increases in soil enzyme activity in response to N 
deposition. The activity of phosphomonoesterase (PME) is considered to be indicative 
of P demand. A moorland study by Pilkington et al. (2005), and grassland studies by 
Phoenix et al. (2003) and Johnson et al. (1999) indicated that N deposition increases 
rates of this enzyme, due to increased demand for P. It is hypothesised that, as P 
becomes limiting, PME is secreted in greater quantities by soil organisms, which 
leads to an increased plant uptake of P. A positive relationship between foliar P and N 
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deposition that was reported by Rowe et al. (2008) was attributed to this process. As 
these nutrients will eventually be re-deposited, decomposed and mineralised, this 
indicates that N deposition may also increase rates of P cycling and overall levels of P 
availability in some systems. 
 
The enzyme that breaks down lignin in organic matter, phenol oxidase (Bending & 
Read, 1997), also has a similar positive relationship with N deposition (Edmonson, 
2007). It is thought that enhanced rates of microbial decomposition and nutrient 
mineralisation that have been observed in N enriched litter may be attributable to this. 
Phenol oxidase has been isolated by Freeman et al. (2001) as the enzymic ‘latch’ that 
is responsible for lignin decomposition in peatlands. This process requires oxygen, so 
under anaerobic conditions decomposition can not take place. 
 
1.3.2.3 Decomposition and mineralisation rates 
Numerous studies have demonstrated that N mineralisation increases as an effect of N 
deposition. A synthesis of (N saturation EXperiments) NITREX data from European 
manipulation experiments on coniferous forests has indicated that N mineralisation 
(and subsequent mobility) is increased by N deposition (Gundersen et al., 1998). An 
experiment contrasting rates of N mineralisation in Dutch and Polish mires by 
Verhoeven et al. (1996) attributed the increased mineralisation rates at the Dutch sites 
to the effects of N deposition. Similarly, N addition to a mixed deciduous – coniferous 
forest by Magill et al. (1997) was found to increase rates of N mineralisation and 
subsequent N mobility. Decomposition rates in Alaskan forest were also increased by 
N addition in an investigation by Alison et al. (2008). A partial roof exclusion and N 
addition experiment on a Dutch heathland by van der Eerden et al. (1991), however, 
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found that changes in rates of mineralisation did not follow a consistent pattern. An 
investigation on Calluna dominated moorland at Cronkley Fell, Scotland showed 
increases in decomposition rates of litter and N turnover at manipulated rates of 50 kg 
N ha-1 yr-1 (NH4NO3) (Anderson & Hetherington, 1999). Increases in rates of litter 
production and litter N concentration found at Ruabon by Capon et al. (1995) could 
also potentially lead to increases in mineralisation rates. An investigation of soil 
mineralisation rates in the Thursley common manipulation experiment by Green 
(2005) also revealed that mineralisation rates were significantly increased by N 
addition at 30 kg N ha-1 yr-1. 
 
Increased microbial mineralisation rates may lead to a greater availability of mobile 
N. This may result in increased leaching or gaseous losses, or faster rates of biological 
immobilisation. This last point been indicated by the increases in microbial biomass 
in an Alaskan forest according to levels of N deposition that were detected by Alison 
et al. (2008). In a heathland N deposition recovery experiment by Power et al. (2006), 
persistence of the effects of past N additions, following the cessation of additions, was 
thought to be attributable to an accumulation of N in the soil. This may be stored in 
the microbial biomass. Biological immobilisation of N was an important parameter in 
the calibration of a heathland N deposition effects model by Power et al. (2004). 
Matson et al. (2002) observe that N driven changes in soil chemistry and the 
microbial community may actually lead to a long term decline in N mineralisation 
rates, but lead to an increase in microbial immobilisation. A reduction in 
mineralisation rates was observed by Magill & Aber (1998), who also found reduced 
decomposition rates in litter in a deciduous – coniferous mixed forest receiving N 
(NH4NO3) at rates of 5 – 15 kg N ha-1 yr-1. In this instance, however, the effect was 
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interpreted as being due to a reduction in the efficiency of soil enzymes under 
conditions of increasing N saturation. The litter decomposition – N deposition studies 
by Berg & Matzner (1997) and Michel & Matzner (2002) also reported long-term 
reductions in decomposition rates. The initial responses indicated that N accelerated 
decomposition, but once the system became saturated, lignin decomposition was 
suppressed by reduced C:N ratios in the material. In surveys, rates of mineralisation 
and litter decomposition under coniferous canopies were examined along a N 
deposition transect by Persson et al. (2000). The study indicated that N deposition 
reduced these processes due to changes in the plant material, which made it harder to 
decompose. N mineralisation-nitrification was also examined in a survey of north-
eastern deciduous forests of the United States by Aber et al. (2003) at ambient 
deposition levels of ~ 3 – 12.7 kg N ha-1 yr-1. The study also looked at changes in soil 
C:N ratio and foliar chemistry. Rates of nitrification were not found to be affected by 
deposition, although soil C:N ratios were. Confounding environmental factors, 
including climate, were thought to have a greater influence on rates of nitrification in 
‘real world’ conditions than N deposition, which may be indicative of methodological 
limitations when using nitrification assays. 
 
1.3.2.4 Effects on the microbial community 
It has been indicated that increased availability of N can lead to changes in the 
microbial community. Of particular importance to Calluna is the detrimental effect to 
mycorrhizae. N accumulation is thought to be a principal component driving shifts 
away from a fungal dominated community to a bacterial one that is driven by 
accelerated processes of mineralisation and nitrification (Wallenda & Kottke, 1998; 
Alison et al., 2008). Given the significant role mycorrhizae play in accessing 
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nutrients, the reduced incidence of mycorrhizal infection may have detrimental 
implications for Calluna. Notwithstanding the reduced capacity for accessing 
essential micro- and macro- nutrients, mycorrhizae also are involved in water supply, 
so impairment of this function can have implications for the risk of droughting. 
Studies by Lilleskov et al. (2001), Wallenda & Kottke (2008) and Yesmin et al. 
(1996) each indicated reductions in the effectiveness of mycorrhizae under conditions 
of enhanced N load. Yesmin et al. (1996) also noted that reduced Calluna 
mycorrhizal infection in particular, may limit its capacity to obtain phosphorus. This 
will further undermine the competitiveness of Calluna under conditions of P 
limitation. Results from the Danish HEATH project by Johansson (1999) examined 
rates of ericoid mycorrhizal infection, under applications of N at rates of 35 – 50 kg N 
ha-1 yr-1. In this investigation mycorrhizae were unaffected by N, however, it was 
noted this may have been due to the short (two year) length of the experiment. An 
investigation into rates of mycorrhizal infection 1 year into the Budworth Heath 
manipulation experiment by Caporn et al. (1995) did not show an effect of N inputs. 
The effects of N addition on the soil microbial community at Thursley Common were 
investigated by Green (2005). The study found that microbial biomass and 
dehydrogenase activity were each increased by N, together with a shift that occurs in 
the bacteria:fungi ratio, suggesting that the community was becoming less dominated 
by bacteria. The soil microbial biomass in a manipulation experiment at Ruabon, 
North Wales was investigated by Johnson et al. (1998). The study reported increases 
in microbial biomass that were attributable to N addition. 
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1.3.2.5 Changes in pH 
N deposition may also lower the pH of soils (Matson et al., 2002). Increased levels of 
hydrogen ions can have effects on plant and microbial physiology and this is 
considered to be an additional mechanism underlying mycorrhizal decline. Falls in pH 
also increase cation mobility, which may lead to a depletion of these nutrients by 
leaching, or release toxic levels of metals; such as the Al3+ that may be mobilised 
from aluminium hydroxide below pH 4.2 (Matson et al., 2002; Boxman et al., 1995; 
Emmett et al., 1995). An investigation in the Netherlands by Prins et al. (1991), 
where N was applied to heathland as ammonium sulphate at rates of 10 - 90 kg N ha-1 
yr-1 indicated an increase in cation mobility due to increasing soil acidity that was 
proportional to the level of ammonium sulphate applied.  
 
1.4. Further investigations on N deposition effects to other 
significant vegetation types 
 
1.4.1 N manipulation experiments 
1.4.1.1 Field-scale manipulation experiments: forests 
Manipulation experiments investigating the effects of fertiliser application on timber 
production were some of the earliest contemporary investigations into the effects of N 
on semi-natural vegetation (e.g. Tamm et al., 1974) and as a result, these ecosystems 
have been studied the most extensively. Initially most forests were considered to be N 
limited, however, further evidence indicated they were becoming saturated with N 
due to deposition (Aber et al., 1989). The largest European forest research programme 
is the NITREX project, which used a combined N addition or roof exclusion approach 
at a number of experimental sites. A key feature of this combined experimental 
approach is a comparison of results from manipulation studies taking place within a 
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range of background deposition levels. Some results for foliar N have indicated that 
this is not affected by N deposition, at rates between 8 and 75 kg N ha-1 yr-1 with 
background levels of 5-12 kg N ha-1 yr-1 (Emmett et al., 1995, Wright & Tietima, 
1995). However, Nasholm & Ericson (1989) found increased foliar N in Scott’s pine 
when stands were fertilised (NH4NO3) at higher rates (60 – 90 kg N ha-1 yr-1) under 
low background levels. Balsberg & Pahlsson (1992) also found similar increases at 
high rates (NH4NO3) of 41 – 122 kg N ha-1 yr-1 with comparable levels of background 
deposition Tree growth rates were higher where N deposition had been excluded 
according to Boxman et al. (1998). This was thought to be due to the stresses caused 
by tissue nutrient imbalances as a result of N deposition. A number of other forest 
studies have indicated, however, that increased tree growth rates are the more typical 
response to N addition, at rates between 20-180 kg N ha-1 yr-1 (Crossley et al., 2001, 
Nilsen & Abrahamsen, 1995, Erikson et al., 1992). NH4NO3 additions of 35 - 48 kg N 
ha-1 yr-1 have also been found to reduce the understorey ground cover of grasses and 
mosses (Gundersen, 1998) and cause declines in arbuscular mycorrhizas (Crossley et 
al., 2001).  
 
1.4.1.2 Field-scale manipulation experiments: grassland 
The experiment at Wardlow Hay Cop, Derbyshire is one of the longest running N 
manipulation investigations on a botanically rich, nutrient poor calcareous grassland 
in Europe. Addition (NH4NO3) has taken place at levels of 35 – 140 kg N ha-1 yr-1 
since 1990. Responses to deposition have included an increase in foliar N 
concentration, a decline in bryophyte abundance, a decline in vegetation cover 
(Morecroft et al., 1994) an increase in the dominance of grasses (Lee & Caporn, 
2001), increased accumulation of N in tissue, soil and litter (Phoenix et al., 2003a; 
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Carroll et al., 2003) and increased soil phosphatase activity (Phoenix et al., 2003b). N 
addition also had below-ground effects, with increases in soil mineralisation rates, N 
reductase activity (Morecroft et al., 1994) and PME activity reported (Johnson et al., 
1998). Other N addition studies, such as the long-running (acidic) Park Grass 
experiment at Rothamstead, have also produced a plant community that is dominated 
by nitrophilous grass species (Dodd et al., 1995). An investigation by Emmett et al. 
(2001) on acidic grassland at Pwllpeiran, Mid-Wales found increases in foliar N 
concentration (but in only one of the species studied) and an increase in nitrate 
leaching in response to (NH4)2SO4 and NaNO3 addition at rates of 10-20 kg ha-1yr-1. 
The combined effects of climate change, elevated CO2 and N deposition were 
investigated on intact Californian grassland mesocosms by Zavaleta et al. (2003). The 
experiment established that simulated N deposition as Ca(NO3)2 applied at a rate of 7 
g m-2yr-1, in part, reduced the diversity of forbs and grasses. 
 
1.4.1.3 Field-scale manipulation experiments: bogs 
Bog systems comprise bryophytes such as Sphagnum sp., and grasses and forbs that 
are adapted to permanent water inundation (Cunha et al., 2002). Calluna and Erica 
spp. may also be a component of these, depending on relative water levels. In 
obrotrophic bogs virtually all nutrient inputs are thought to come from the atmosphere 
(Bobbink et al., 1996), which means these habitats are likely to be very sensitive to 
the effects of N deposition (Cunha et al., 2002). Aerts et al. (1992) demonstrated that 
these ombrotrophic bogs are primarily N limited. The bog N manipulation experiment 
by Hogg et al. (1995) indicated that, where Sphagnum was dominant, its abundance 
was reduced by N addition. A combined CO2 + N mesocosm investigation by 
Heijmans et al. (2001) showed that N addition alone increased vascular plant biomass 
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and decreased the abundance of Sphagnum. Mesocosms collected from Canadian 
peatlands by Blodau et al. (2005) were subject to a N deposition 15N tracer study. This 
determined that nearly half the deposited N was taken up in Sphagnum biomass, while 
the rest was retained by soil. A mixed bryophyte and forb raised bog in Sweden that 
was fertilised with 10 kg N ha-1 yr-1, exhibited a decline in the abundance of sundew 
(Drosera rotundifolia), in response to increased light competition from cotton grass 
(Eriophorum vaginatum) (Redbo-Tortensson, 1994). The tissue N content of 
Sphagnum was also increased by NH4NO3 fertilisation in a study by Williams et al. 
(1999) at a rate of 30 kg ha-1yr-1.  
 
The ongoing ammonia gas diffusion – wet deposition experiment at Whim Moss in 
southern Scotland involves applications of 16 – 32 kg N ha-1 yr-1 as wet ammonium 
and 120 kg N ha-1 yr-1 as gaseous ammonia (Sheppard et al. 2005; Sheppard et al., 
2008). The experiment has determined that dry deposition of ammonia gas is more 
immediately damaging to vegetation than wet deposition. The most sensitive species 
are lichens, Calluna and Sphagnum spp., which have shown reductions in abundance 
that are proportional to the dose received (up to a complete absence of cover). As 
doses of ammonia gas are only released when the weather conditions allow diffusion 
of ammonia directly along the transect, this can result in episodic high pollution 
events, which were immediately responsible for severe damage to vegetation near the 
ammonia diffusion source. Ongoing investigation determined, however, that the 
cumulative effects of deposition, even at low levels well away from the diffusion 
source (from 180 µg m-3 at the point of emission, to 0.3 µg m-3 at the end of the 
diffusion transect), also have significant damaging effects (Carfrae, 2004; Sheppard et 
al., 2005.) 
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1.4.1.4 Field-scale manipulation experiments: dunes 
Dune systems exist on very sandy and nutrient poor soils beside the coast, where N-
fixing grasses, such as Ammophila arenaria (Crawford, 2008) and diverse variety of 
forbs are able to colonise. N enrichment of dune systems has been shown to increase 
the dominance of fast growing grasses and reduce species richness (Willis, 1963; 
Bobbink et al., 1996). However, the high leaching potential and poor P availability of 
sandy dune soils means that these effects may be weak, or easily overwhelmed by 
other disturbance effects such as grazing. The interaction between N deposition and 
rabbit grazing was investigated by ten Harkel et al. (1998). The effects of N on 
vegetation were suppressed by the influence of grazing and poor P availability. A 
mesocosm approach was employed by van den Berg et al., (2005) to investigate the 
effects of N deposition on coastal dune systems. Deposition of NH4NO3 at rates of 10 
– 80 kg N ha-1 yr-1 increased rates of biomass production in grasses and produced 
changes in floristic composition. In a survey of coastal dunes in the UK, Jones et al. 
(2004) investigated soil C:N responses to background levels of N deposition, together 
with its effects on plant biomass. Both these indices were found to correlate positively 
with N deposition. 
 
1.4.2 Surveys of vegetation 
1.4.2.1 Measuring changes in species composition attributable to N 
In a 1990 survey of British vegetation by Smart et al. (2003), with a 1998 follow-up 
survey, Ellenberg N was used as a marker for changes in vegetation that were 
attributable to N loading. Although N deposition values were not compared directly, 
the survey detected a majority of vegetation types with species present that indicated 
increased fertility. Investigations by Pitcairn et al. (2003) and Smart et al. (2004), 
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found that Ellenberg N, however, was less consistent than foliar N in its relationship 
with N deposition. The acid grassland N deposition survey by Stevens et al. (2004) 
looked at plant species richness, using a combined measure of presence and relative 
abundance. Species richness was directly proportional to the rate of N deposition. In a 
survey of Eurasian herbaceous vegetation at 247 sites, with background N deposition 
between 5 – 50 kg N ha-1 yr-1, Wassen et al. (2005) determined that, although species 
richness (total number of vascular plant species) was reduced by a factor of 5 along 
this N deposition gradient due to increases in standing biomass, the effect would not 
occur where P limitation existed. P availability was considered to be the overall factor 
determining the trajectory of these species losses. Jones et al. (2004) evaluated a suite 
of techniques in their N deposition survey of coastal sand dunes in the UK. Ellenberg 
N compared poorly overall to plant species richness in respective relationships with N 
deposition.  
 
1.4.2.2 Measurement of plant tissue  
A countrywide survey by Pitcairn et al.(1991) found a significant relationship (R2 = 
0.42) between the tissue N content of Calluna and bryophytes and background N 
deposition. Bryophyte tissue N concentrations measured by Bakken (1995) were 
found to be significantly lower (31 percent difference) in central Norway than those 
from polluted areas in southern Norway. The tissue N of epiphytic lichens in Finland 
was analysed by Kulbin (1990), this survey found increased tissue N (1.1 %N versus 
0.6 %N) in polluted southern areas, but also high concentrations (1.0 %N) in the 
unpolluted far north. The northern effect was interpreted as being due to lengthy 
periods of snow cover and accumulation of deposited N, reflecting the strong 
significance of climate as factor affecting tissue N. In surveys around livestock farms 
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Pitcairn et al. (1998) found a significant relationship between lichen tissue N and 
distance from the ammonia source, whereby the concentration of lichen tissue N (LN) 
was proportional to the rate of nitrogen deposition (FN) according to the following: 
LN = 3.81(1-e−0.04FN). A transect across London by Power & Collins (2002) also 
reported that Calluna foliar N concentration declined with N deposition levels away 
from the polluted centre of the city. Hicks et al. (2000) measured the foliar N 
concentration of moorland vegetation, including Calluna, with increasing altitude 
(and N deposition) in the Scottish highlands. It was thought that linear responses in 
foliar N were indicative of increased N availability arising from increased deposition, 
rather than the effects of a changing microclimate with altitude. Foliar chemistry and 
nitrate reductase activity in D. flexuosa was measured by Hogbom & Hogberg (1991) 
along a 150 km N deposition transect (~1 – 20 kg N ha-1 yr-1) in Sweden. In this 
investigation elevated nitrate reductase activity was related to higher deposition levels 
and foliar N concentration responses that were consistent with the indications from N 
manipulation experiments.  
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1.5 Aims and Objectives 
The overall aims of this investigation were to: (1) quantify the impact of enhanced N 
deposition at lowland heaths in the UK, (2) determine whether secondary factors 
(such as nutrient availability and limitation) modify this impact, (3) establish how 
persistent these effects may be after a reduction in N inputs, (4) evaluate how 
differing levels of management intensity may interact with these processes. These 
aims were intended so that the project would provide scientific insights to assist in the 
conservation of lowland heathlands, according the aims of the UK Biodiversity 
Action Plan (UKBAP, 1995). 
 
The individual objectives were to investigate: 
• Plant and soil responses to experimentally enhanced N deposition (Chapt. 2) 
 
• How management and stand age post-management may modify plant, soil 
(and litter) responses to N deposition (Chapts. 2 & 4) 
 
• The process of ecosystem recovery following experimentally enhanced N 
inputs (Chapt. 2) 
 
• How P limitation affects heathland responses to N deposition (Chapt. 3) 
 
• If experimental responses to N deposition can be observed in wider field 
surveys (Chapts. 4 & 5) 
 
• How soil nutrient availability varies in a variety of UK heaths and its 
relationship with vegetation chemistry (Chapts. 4 & 5) 
 
• How geology and soil type affect relationships with N deposition (Chapts. 4 & 
5) 
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Chapter 2 
 
Effects of N deposition, management 
and wildfire on a lowland heathland 
in southern England. 
 
 
2.1 Introduction 
 
Over the last three decades, rates of N deposition have doubled over most of the UK 
(Firbank et al., 2000). This increase has been mainly attributable to the combustion of 
fossil fuels for transport and electricity production, and the use of intensive farming 
techniques by industrialised nations of the developed and, increasingly, the 
developing world (INDITE, 1994; Lee & Caporn, 1998). On a global scale, total 
deposition of N oxides (NOx) and ammonia (NH3) are likely to rise in industrialised 
countries (particularly the developing world) in coming decades (Fowler et al., 2004). 
N deposition affects heathlands primarily by eutrophic loading effect of these 
oligotrophic habitats. It is believed that high rates of N deposition over the last 30 
years in the Netherlands have driven the rapid losses of characteristic Calluna 
vulgaris dominated heaths, leading to their replacement by faster-growing graminoid 
species (Heil & Bobbink, 1993; de Graff et al., 1998). It is possible given time that 
such a process could take place on a wide scale within the UK, however a more 
oceanic climate in the UK is thought to reduce the immediate threat of grass invasion 
in heathlands (Rose et al., 2000). 
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Although land use changes, tree invasion and poor management of heathlands are 
widely damaging to heathlands, these problems are likely to be compounded by the 
ecological effects of ongoing influxes of anthropogenically enhanced N deposition. 
The potential loss of oligotrophic Calluna dominated heathland in the UK due to this 
N eutrophication has implications for a number of priority UKBAP species, which are 
currently dependent upon this scarce habitat for their survival (Natural England, 
2007). The UK is thought to hold around 20 percent of Europe’s lowland heaths 
(Allen, 2004; English Nature), however, the majority of this habitat is considered to 
be in a declining, ‘unfavourable’ condition (Natural England, 2007). It is thought this 
has arisen primarily as a result of changing land use and a lack of appropriate 
heathland management. Increased N deposition has also been implicated as a 
significant secondary factor in the decline of UK heaths (Marrs, 1993, Pitcairn et al., 
1995, Britton et al., 2001), especially in East Anglia, which has some of the highest 
levels of heathland N deposition in the UK. 
 
2.1.1.1 N enrichment studies 
The effects of atmospheric N inputs on Calluna dominated heaths have been well 
quantified by previous investigators, heathland field manipulation experiments have 
been an established research method in this area over the last 20 years. The effects 
demonstrated by such experiments include increases in Calluna productivity, changes 
in phenology, increased flowering abundance and reduced root to shoot ratios (Heil & 
Deimont, 1983; Prins et al., 1991; Bobbink et al., 1996; Power et al., 1995, 1998(a), 
2006; Uren et al., 1997, Carroll et al., 1999; Barker et al., 2004). N deposition has 
been linked to increases in the susceptibility of Calluna to pathogen damage, 
particularly by the heather beetle (Lochmaea saturalis), and the incidence of stress-
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related shoot injury; factors which may combine to open the Calluna canopy (Terry et 
al., 2004). N enrichment experiments have demonstrated reductions in bryophyte and 
lichen abundance (Power et al., 2001, 2006).  
N addition has also been found to affect rates of soil enzyme activity, such as 
phosphatase and phenol oxidase (Saiya-Cork et al., 2002; Phoenix et al., 2003; 
Pilkington, 2005a; Edmonson, 2007). N loading has been found to increase biological 
demand for phosphate and as a result, the production of enzymes that access organic 
phosphate (phosphatase) is increased (Phoenix et al., 2003, Pilkington, 2005a). This 
suggests that, due to enhanced enzyme activity and greater biological demand for 
other nutrients, a more rapid nutrient turnover may exist in heathlands receiving 
elevated N inputs. Sustained periods of elevated N deposition may also lead to 
increased rates of litter production and this may cause an increased accumulation of N 
in litter and soil. This process is believed to leave the heath susceptible to grass 
invasion, particularly if the Calluna canopy is broken (Power et al., 1998). 
Furthermore, a surplus store of deposited N in litter and soil may be a contributing 
factor that slows rates of heathland recovery when N deposition rates eventually fall 
(Power et al., 2006).  
Earlier heathland manipulation studies have typically involved short experimental 
time-scales, of up to six years in length (e.g. Hartley & Mitchell, 2005; Hardtle et al., 
2006). Given the 30 year life-cycle of Calluna (Gimingham, 1972), it is worthwhile to 
investigate the effects of N addition over longer periods. In the UK, experimental 
manipulation of N inputs beyond this six year initial period has only been undertaken 
at two lowland heaths: Thursley Common NNR and Budworth Heath (Power et al., 
2004). The experiment at Thursley, results for which are presented here, began 
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receiving N additions in 1989. The long duration of manipulation experiments, such 
as Thursley, are of particular value because they enable an understanding of the 
effects of N inputs over the time-scale of the Calluna life cycle.  
  
2.1.1.2 Effects of management 
Heathland management techniques may be used to ameliorate the effects of N 
accumulation in heathlands by effectively exporting nutrients (Britton et al., 2000; 
Hardtle et al., 2006). It is thought that the intensity of management may be directly 
linked to the success of this practice. Typically, the more intensive managements, 
such as burning or sod-cutting remove a greater amount of N than less intensive 
measures, such as mowing or cattle grazing (Hardtle et al., 2006). However, it is not 
always practical to implement these intensive managements in every location, and it 
has not been well researched to date, how this management intensity interacts with the 
effects of N deposition. To investigate this, four differing management regimes were 
implemented at Thursley in 1998 (low / high intensity burning and mowing.): (1) Low 
intensity mowing involved cutting vegetation 15cm above ground level, (2) high 
intensity mowing cut at ground level and involved litter removal, (3) low intensity 
burning mimicked a controlled low-temperature heathland management burn, (4) high 
intensity burning mimicked an uncontrolled wildfire, where burn temperatures are 
higher. The ongoing (and interactive) effects of these managements with those of N 
deposition were quantified as part of the experimental outcome.  
 
2.1.1.3 Heathland recovery  
It is predicted that oxidised N emissions will have fallen to less than 50 percent of 
their early 1990s’ levels by 2010 (CEH, 2008). The reduction follows a sustained 
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period of N deposition for the last 50 years at levels significantly higher than in pre-
industrial times (Fowler et al, 2004). This has the potential to eventually reduce the 
total N load received by heathlands. The potential persistence of effects to vegetation, 
after cuts in N emissions occur, has not been quantified to date. It is thought, 
however, that persistent N deposition may have a long-term impact on ecosystem 
recovery (Power et al., 2006). Over time deposited N accumulates in litter and soil 
(Power et al., 1998) and is gradually released, which may potentially affect plant 
growth over many decades. There is a need to investigate the processes that affect the 
rate of ecosystem recovery, after N inputs have been reduced. To this end, work by 
Power et al. (2006) detailed a recovery investigation at Thursley with data up to 2004, 
this part of the experiment ceased to receive additional N inputs in 1998. The work 
presented here updates from the results presented by Power et al. (2006) and 
comprises data collected between 2005 and 2007.  
 
2.1.1.4 Wildfire 
Naturally occurring periodic fires are considered to be a key cyclical process and a 
characteristic feature of heathlands (Gimingham, 1972, Watt, 1955). These high 
disturbance events allow older degenerate vegetation to be replaced by new plants, 
and accumulated dead plant material and litter to be removed, thereby exporting 
nutrients and maintaining a state of plagio-climax, preventing succession to scrubby 
woodland (Bullock & Webb, 1995). This natural process has been emulated by 
traditional heathland management techniques which use cycles of controlled burning 
to regenerate heathlands. Wildfires are considered to be distinct from these 
management fires, however, because they are inherently unplanned, difficult to 
control and often result in higher burn temperatures (Bullock & Webb, 1995, Barker 
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et al., 2004). Mallik & Gimingham (1983) note a number of adaptions that woody 
heathland plants, such as Calluna and Erica possess, enabling them to withstand the 
effects of intense fires. A key feature of this is their capacity to regenerate from 
surviving root stocks. In addition, the high fecundity of both species allows them to 
build up a considerable soil seed-bank, which will survive the fire and germinate 
shortly after. 
Naturally occurring heathland wildfires are predicted to increase in frequency as part 
of climate change predictions (Berry et al., 2004) and this may have some uncertain 
effects on vegetation. Despite the beneficial effects of periodic fires, an increase in 
their frequency could potentially permanently alter long-term vegetation structure and 
species abundance (Bradstock et al., 1997, Mallik & Gimingham, 1983), resulting in a 
loss of some herbs and cryptogams that are unable to survive the effects of fire. Some 
wildfires may also result in very slow Calluna regrowth and an eventual failure of 
recolonisation, particularly if: (1) the Calluna stand was very old before the fire 
(Hobbs & Gimingham, 1984), or (2) the heat of the fire was intense and damaged 
rootstocks or the seed bank (Gimingham, 1972). Poor Calluna re-establishment after a 
fire can result in its eventual replacement by Pteridium aquilinum (Bullock & Webb, 
1995). There has been little research to date specifically examining the effects of 
wildfire (as opposed to controlled management burns) in heathlands. There is 
potential that the combined effects of fire and N deposition could be to the overall 
detriment of heathlands, particularly as N deposition can increase standing biomass 
accumulation (Power et al., 2001), which is also known to elevate fire burn 
temperatures (Gimingham, 1972).  
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2.1.2 Hypotheses 
The present study postulated that:  
(1) Heathland vegetation would continue to respond to historical N deposition (in 
recovery experiment) or ongoing N addition (in ongoing experiment) with 
increased rates of productivity, canopy development and altered shoot phenology.  
(2) An increased availability of N would lead to higher shoot N concentrations and 
shoot N:P ratios following eight to nine years of recovery from N inputs (since 
1996). 
(3) Owing to greater productivity in the Calluna canopy, the below-canopy flora 
would decline in abundance as it would experience greater competition for light.  
(4) N deposition would increase demand for P, as indicated by an increase in soil 
phosphatase activity with N inputs.  
(5) It was hypothesised that the treatment which removed the greatest quantity of 
organic matter and N would have the most significant long term effect on 
vegetation.  
(6) As the temperature of the fire may have been positively correlated with the 
standing biomass (which will have been higher in N addition plots), it was 
hypothesised that recolonising vegetation cover would be lower in N addition 
plots. 
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2.1.3 Experimental aims 
The aim of the N addition experiment at Thursley was to quantify the impact of 
enhanced N deposition to lowland heaths in the UK, which follows from work 
conducted at the site between 1989 and 2005 variously reported by Uren et al. (1997), 
Power et al., (1995, 1998a,b, 2001), Barker (2001) and Green (2005). The experiment 
also sought to evaluate rates of system recovery, following a cessation of N inputs to 
some plots in 1996. A further aspect to the study was an investigation of the effects of 
a gradient of heathland management intensities (low / high intensity mow and low / 
high intensity burn), implemented throughout all experimental plots in 1998. The 
combined effects of N addition, heathland recovery and conservation management 
were therefore investigated. An accidental wildfire, which affected the entire 
experiment in 2006, provided an opportunity to investigate the effects of N and past 
management histories on post-wildfire vegetation re-establishment. It was an intended 
aim of the study, therefore, to examine how the effects of heathland wildfire interact 
with N deposition. The post fire aspect of the paper focuses exclusively on results 
from the recovery area of the experiment. 
 
2.1.4 Results from previous experimental years 
The ongoing and recovery experiments have been running in their present 
arrangement since 1998. It is worthwhile, therefore, to provide some background to 
the results from years prior to 2005 – 2007, that are presented in this chapter. The 
following section gives a description of the experimental site and the manipulation 
techniques used, followed by a summary of results between 2001 and 2004. 
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2.1.4.1 The experimental site 
The field manipulation study took place at Thursley Common NNR (UK Grid 
reference: SU910 404). The site is considered to have a total background deposition 
of 8 - 12 kg N ha-1 yr-1 (Power et al., 2006). The soil is a sandy heathland podzol, with 
a shallow humus layer (17mm) and low organic matter content at 0-5 cm depth 
(7.4%) (A.G. Jones, unpublished data).  
 
2.1.4.2 Experimental design, treatment regime and management treatment 
methodology 
 
The field scale manipulation comprised two independent experimental approaches: 
(1) a recovery experiment, where N addition at two rates (low N: 7.7 kg ha-1 yr-1, high 
N: 15.4 kg ha-1 yr-1) had commenced in 1989 and ceased in 1996, (2) an ongoing 
experiment, where N addition had been continuously applied at 30 kg ha-1 yr-1 
between 1998 and 2006. N addition plots had N applied each fortnight as 26 
treatments per year. N was applied as (NH4)2SO4 in a knapsack sprayer. (NH4)2SO4 
was used at the outset of the experiment in 1989 because the research climate at the 
time was also concerned with the effects of environmental acidification, mainly due to 
SO2 emissions. To preserve experimental continuity, (NH4)2SO4 remained as the 
fertilising compound, despite presently the reduced level scientific concern about acid 
rain. An unavoidable implication of using and acidifying compound in this 
experiment is that the effects of (soil) acidification may confound the results, for 
example, via plant responses due to the mobilisation of cation nutrients. Control plots 
had an equal quantity of artificial rainwater applied, which was a solution made to a 
similar ionic composition as typical rainwater for this site (Uren, 1992). The eight 
experimental blocks in total were arranged in mammal exclosures (approximately 
10m x 10m each) to prevent grazing / browsing effects altering the experimental 
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results. Herbivores are considered to preferentially feed on N enriched vegetation 
(Power et al. 1995). The ongoing N addition and recovery experiments separately 
comprised four of these exclosures each (Fig. 2.1). These each contained independent 
treatment replicate plots, which measured 4 x 4 m (16m2).  
 
Figure 2.1: Schematic representation of typical experimental blocks for the ongoing and recovery 
experiments, showing randomised arrangement of N addition plots and management sub-plots. Four 
such blocks were used in each experiment. Management codes: High Temperature Burn (HTB), High 
Intensity Mow (HIM), Low Intensity Burn (LIB), Low Intensity Mow (LIM). For further details on 
managements see text. 
 
All plots were randomised in location and had a 20cm deep no data collection ‘buffer 
zone’ around them. Plots were also sub-divided, according to the four heathland 
management - fire-disturbance treatments carried out in 1998. These comprised: (1) 
low intensity mow (LIM), (2) high intensity mow (HIM), (3) low temperature burn 
(LTB), (4) high temperature burn (HTB). The low intensity mow treatment was 
undertaken using an unpowered scythe, which cut Calluna to 15cm above ground 
level.  The high intensity mow involved a tractor driven forage harvester, which cut 
vegetation to ground level. Removal of the litter layer was also a feature of this 
method. The low intensity burn mimicked the typical lower-temperature intensity of a 
controlled heathland management burn. The fire burnt all vegetation, but left litter and 
humus untouched. The high intensity burn simulated an accidental heathland wildfire, 
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where burn temperatures and, hence, the combustion of organic matter may be at a 
greater level than a management burn (Gimingham, 1972). Following a controlled 
burn of vegetation, litter and humus were removed from each plot and burnt by blow-
torch, until much of the organic matter had been lost. The remaining material was 
then re-distributed to the plot it had come from. No further management activity has 
occurred since 1998. The experiment did not feature a management ‘control’ (i.e. the 
absence of management) because this is not possible within a heathland context. All 
areas of lowland heathland owe their existence to some form and intensity of 
management. Without this intervention the heathland would cease to exist. The four 
management - fire-disturbance treatments (henceforth referred to simply as 
‘management treatments’) where intended to represent a gradient of increasing 
management intensity and wildfire disturbance. These were applied in order to 
investigate if increasing levels of N losses, according to the degree of management 
intensity or wildfire disturbance, would affect ongoing responses to N deposition. In 
terms of applied heathland conservation management, a direct statistical comparison 
between the ‘burning’ versus ‘mowing’ components would be of little value, as the 
‘burning’ component includes data from the simulated heathland wildfire, which is 
not a heathland management option. An alternate method of statistical analysis, 
following this line of reasoning, might be to directly compare the single management 
burn with the two mowing management treatments. However, this would statistically 
be of little value due to an overrepresentation of ‘mowing’ (2 different levels of 
treatment) and underrepresentation of ‘burning’ (a single level of treatment) in such a 
dataset. A similar logic can be applied with regard to the statistical value of testing the 
‘high intensity’ versus ‘low intensity’ management treatments. In this instance (with 
regard to the applied value of such an analysis to aid heathland conservation 
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management) the ‘high’ burn component would again have to be disregarded, as a 
high intensity (simulated wildfire) burn is not a heathland management option. For the 
reasons outlined, the effects of the management treatments were statistically tested in 
their entirety, rather than looking at separate contrasts between the different 
management treatment groups. 
 
2.1.4.3 Results from previous experimental years 
The ongoing experiment had consistently shown significant increases during 2001 – 
2004, that were attributable to the effect of N addition in: shoot length, abundance of 
Calluna cover, canopy height and canopy density (Table 2.1). There are no consistent 
trends in the strength of effects between years to indicate that the strength of effects 
may be altering with time. N addition had been consistently linked to significant 
annual reductions in lichen cover. Management had also been a significant factor, 
with the more intense managements (HTB and HIM) reducing the positive effects of 
N addition on productivity. Calluna cover and canopy density were consistently 
highest in the low intensity mow plots, which is likely to be the effect of greater stores 
of nutrients (due to retained litter and some living above ground vegetation) 
remaining in this treatment relative to the more intensive managements. 
The effects of N addition in the recovery experiment during 2001 - 2004 have been 
persistent, but were not largely significant seven years after additions had ceased 
(Table 2.2). Earlier N inputs had, however, had a persistent effect on Calluna canopy 
height with height in former N plots still 13% larger than in control plots. 
Management effects were generally non-significant also, except for abundances of 
Calluna, which were greatest in the high intensity burn, and bryophytes, which were 
most abundant in the low intensity managements. 
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Barker (2001) Green  (2005) 
N treatment Year 12 13 14 15 
 N MGT N MGT N MGT N MGT 
Calluna shoot length 15.2 +++ 0.6 ns 10.6 +++ 0.6 ns 54.5 +++ 2.80 * 10.9 +++ 0.1 ns 
Calluna canopy height 13.7 +++ 1.0 ns 71.1 +++ 1.5 ns 94.5 +++ 1.3 ns 66.7 +++ 1.8 ns 
Calluna canopy density 45.7 +++  3.9 ** 70.4 +++ 5.5 ** 36.7 +++ 5.0 ** 23.5 +++ 2.7 * 
Calluna % flowering abn. 2.7 ns 0.3 ns 64.4 *** 0.6 ns 77.6 *** 0.6 ns 0.8 ns 0.9 ns 
Calluna % cover 43.4 +++ 6.76 *** 94.6 +++ 13.2 *** 49.2 +++ 6.9 *** 31.8 +++ 2.6 ** 
Calluna % foliar N 46.5 +++ 5.1 ** 4.7 + 0.2 ns 4.8 + 0.7 ns 11.4 +++ 0.7 ns 
% Lichen cover 95.6 - - - 1.3 ns 80.9 - - - 0.7 ns 133.8 - - - 2.0 ns 90.6 - - - 0.2 ns 
% Bryophyte cover 0.1 ns 7.7 ns 1.0 ns 8.14 *** 0.0 ns 8.12 *** 6.0 - - - 0.1 ns 
% Bud burst     125.4 +++ 0.6 ns 48.3 +++ 0.1 ns 
Barker (2001) Green (2005) 
Recovery year 5 6 7 8 
 N MGT N MGT N MGT N MGT 
Calluna shoot length 0.1 ns 0.5 ns 1.6 ns 0.33 ns 2.2 ns 0.4 ns 1.0 ns 0.07 ns 
Calluna canopy height 4.4 + 0.9 ns 7.6 ++ 1.8 ns 14.6 +++ 1.3 ns 2.4 ns 1.6 ns 
Calluna % flowering abn. 0.5 ns 1.1 ns 1.2 ns 1.1 ns 5.7 ++ 0.6 ns 0.2 ns 0.5 ns 
Calluna % cover 0.2 ns 1.5 ns 0.3 ns 4.9 *** 1.6 ns 3.7 * 0.7 ns 4.2 ** 
Calluna % foliar N 1.7 ns 0.1 ns 7.7 +++ 0.7 ns 1.8 ns 0.4 ns 0.7 ns 0.5 ns 
% Lichen cover 0.3 ns 0.7 ns 0.03 ns 0.01 ns 0.3 ns 0.1 ns 4.3 * 0.4 ns 
% Bryophyte cover 0.4 ns 4.8 ** 0.7 ns 7.2 *** 0.4 ns 2.0 ns 0.8 ns 1.7 ns 
% Bud burst     3.9 + 0.9 n/s 27.5 +++ 0.1 n/s 
Table 2.1: Summary of the past effects GLM analyses of N (N) and management (MGT) on ongoing 
experiment vegetation during 2001 – 2004. F values and significance *P<0.05, **P<0.01, ***P<0.001, 
ns (not significant). Direction and significance of effects for N addition denoted by equivalent + or - 
signs “N” d.f.N = 2, d.f.D = 14. “MGT” d.f.N = 3, d.f.D = 60 
Table 2.2: Summary of the past effects GLM analyses of N (N) and management (MGT) on recovery 
experiment vegetation during 2001 – 2004. F values and significance *P<0.05, **P<0.01, 
***P<0.001, ns (not significant). Direction and significance of effects for N addition denoted by 
equivalent + or – signs. “N” d.f.N = 2, d.f.D = 9. “MGT” d.f.N = 3, d.f.D = 44 
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2.2 Methods 
An overview of all data collected at Thursley between 2005 – 2007 is given in Table 
2.3. 
Data collected Ongoing 
experiment 
Recovery 
experiment 
October Vegetation survey 2005 
 
2005 
October foliar chemistry 2005 2005 
 
PME activity 
 
2006 
 
 
Post-fire vegetation abundance 
  
2007 
 
Post-fire shoot length measurements 
  
2007 
 
Table 2.3: Overview of data collected from the two Thursley manipulation experiments between 2005 - 
2007 
 
2.2.1 Vegetation surveys 
All experimental plots were assessed for spring bud burst abundance in early May 
(2005 & 2006). A 20cm buffer zone around the outside of each plot was excluded 
from these measurements to minimise any edge effects around the perimeter from 
influencing the data. The timing of these surveys varied between years due to annual 
variations in climate and, hence, the arrival of bud-burst. Measurements were only 
made when it was determined that a proportion of Calluna buds had started growing. 
An intensive survey of all vegetation was also made at the end of the growing season 
in October 2005. This survey used an even grid of 100 points (25 per sub-plot) at 
which a point quadrat was lowered through the canopy. Twenty-five measurements 
were made per sub-plot following a regular grid pattern. Measurements were made at 
each point of: canopy density, canopy height, shoot extension, Calluna cover and 
identity of below canopy ground flora (if any present). Canopy density was measured 
according to the number of times a pin connected with Calluna as it passed through 
the canopy. These were averaged to give a mean value for each sub-plot. Following 
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the accidental wildfire that affected the entire site in August 2006, measurements 
were taken from re-growing vegetation in the recovery experimental plots, during four 
months of the following growing season, from July 2007 onwards. No measurements 
were taken in 2006 because of the timing of the fire. This being towards the end of the 
growing season, meant that re-growth did not start until 2007. Calluna shoot length 
was measured at twenty-five randomly selected points per sub-plot according to 
randomised grid co-ordinates. In July and October, abundance scores for Calluna, 
bryophytes, Erica cinerea, Ulex minor. and other genera were also obtained using 
four randomly positioned 50 x 50 cm grid quadrats per sub-plot. 
 
2.2.2 Foliar chemistry and soil analyses 
Current year’s Calluna foliar material was collected from all experimental plots at the 
end of the growing season in October 2005, after the vegetation survey had taken 
place. Growth from the present year could be easily differentiated from older growth 
by its bright green colour and the remaining ‘bud-scale’ from where new growth had 
originated (Gimingham, 1972). Approximately 25g of material was collected from 
each sub-plot.  
 
2.2.2.1 General laboratory procedures 
The reagents used were of AnalaR grade for the N and P assays and very high purity 
spectrophotometric grade for the enzyme assays. All laboratory glassware and PVC 
plastic items were cleaned in “Decon 90” detergent overnight, followed by another 
overnight soak in 2 percent acetic acid. Finally, they were rinsed twice in dionised 
water and dried at 45 °C 
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2.2.2.2 Sample preparation and laboratory analysis 
Foliar material collected in October 2005 was dried at 80°C for 48 hrs and 
homogenised to a fine powder by a three-minute ball-milling machine treatment (Glen 
Creston, England). Dried, ground foliar material was digested by Kejldahl digest 
(H2SO4 + Se catalyst), according to the method of Allen et al. (1989). The digests 
were analysed for N and P concentration by Skalar San-Flow automated segmented 
flow colourimetric analyser (Skalar UK (Ltd), York, UK).  
 
2.2.2.3 Total N & P digest 
Leaf and soil samples were digested by Kjeldahl (3ml H2SO4 + Se catalyst) digest at 
400°C for 2 or 3 hrs respectively, according to the total Kjedahl N or phosphorus 
method of Allen (1974), using a 40 hole Kjeltec Digester block (Model 2020 
Digester; Tecator AB,. Hoganas, Sweden). This involves the wet oxidation of organic 
material into ammonium or phosphate. After digestion and a cooling period, 10ml of 
dionised water was added to dilute the extract. The diluted extracts were filtered using 
Whatman No. 42 filter papers. The filtrate was then diluted with deionised water in a 
volumetric flask to make up a 25ml solution. The filtered, diluted samples were then 
analysed for ammonium (NH4+) and phosphate (HPO4) concentration using a Skalar 
“San-Flow” automated segmented flow colourimetric analyser (Skalar UK (Ltd), 
York, UK). Reagent blanks (n blanks = 0.1 x [n samples]) were processed alongside 
the samples and any readings obtained from these blanks were averaged and 
subtracted from each of the sample readings. 
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2.2.2.4 Skalar automated analysis 
The Skalar colourimetric analyser combines a stream of reagents and the sample 
solutions in automated conditions of consistent temperature and mixing. A stream of 
air bubbles within the system segments the flow, thereby allowing differentiation 
between samples. At the start of each run the machine was calibrated to six standard 
solutions of a known ammonium or phosphate concentration that were within the 
typical range of the sampled material. The calibration that derived from this was only 
accepted for a sample run if the R2 value of its regression line was > 0.999. The 
machine was also checked for drift throughout each sample run by ongoing automatic 
re-calibration that was obtained from the middle standard, after a batch of 20 samples 
had passed through. Reagent blanks were also used as part of this batch calibration to 
detect any signal that may have been derived from impurities in the carrying matrix. 
 
The phosphorus concentration of each solution was derived from an ascorbic acid 
reduction reaction. Potassium antimony tartrate and ammonium molybdate react in an 
acid matrix by complexion with phosphorus in the sample solution. Ascorbic acid 
renders this matrix a blue colour, which is detected by absorption in a UV-vis 
spectrophotometer at 880 nm (Skalar, 2003a). The ammonium concentration was 
detected using the Berthelot reaction (Krom, 1980). Ammonium is chlorinated to 
monochloramine and this reacts with salicylate to form 5-aminosalicylate. Oxidation 
of this compound produces a green colour, which is detected by UV-vis absorption at 
660 nm (Skalar, 2003b). Nitrate concentration was determined by its reduction to 
nitrite using a cadmium catalyst. This is converted to an azo dye in combination with 
sulphanilamide and naphthylethylenediamne, the optical absorption of which is 
measured at 540 nm by UV-vis spectrophotometer (Skalar, 2003c). 
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2.2.2.5 Soil phosphatase activity assay 
An assessment of soil phosphatase (PME) enzyme activity was undertaken at the 
beginning of the growing season in April 2006. Five randomised, composite samples 
(100g material in total) were taken from each sub-plot using a 30mm Ø soil auger to a 
depth of 5cm. The fresh soil was then sieved (<2mm) to homogenise this material. 1g 
of soil from each sample was assessed for PME activity at field moisture, using the 
method given in Tabatabai & Bremner (1969). Owing to the low pH of heathland 
soils this method was adjusted. The ‘modified universal buffer’ solution that was 
specified by Tabatabai and Bremner was substituted with deionised water. This 
followed the method used by Pilkington (2005a), also on heathland soils. 1g of soil, 
0.25ml toluene and 1ml para-nitrophenyl phosphate (PNP-P) where placed in a non-
reactive PVC bottle, shaken and incubated at 37° C for 1 hr. 1ml of 0.5M CaCl2 and 
4ml of 0.5M NaOH were added after this point to stop the reaction. The mixture was 
centrifuged at 6500 rpm for 5 minutes and the supernatant liquid removed by pipette. 
A paired non-reactive control was made for each sample by adding PNP to the (soil or 
litter) + toluene solution, immediately after the stopping chemicals (CaCl2 and NaOH) 
were added, rather than at the start of incubation (thereby preventing the reaction 
taking place). The assay relies on the enzymic decomposition of the organic 
phosphate source (PNP-P) to para-nitrophenol by isolation of the phosphate 
molecule. The pigment density of para-nitrophenol was then measured using a Perkin 
Elmer Lambda 3 UV-vis spectrophotometer (Perkin Elmer, USA) at 400nm. Each 
reading was zeroed to a paired reading of the non-reactive reagent + (soil or litter) 
control for each sample, thereby accounting for any absorbance that may have 
occurred due to dissolved compounds from the sample material or from the reagents. 
The reading from the spectrophotometer was compared with pigment densities from a 
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calibration curve. This was obtained by readings from six known standards that were 
within the absorbance range of the samples. Regression of this line gave an R2 value 
>0.99. 
 
2.2.2.6 Quality control  
All laboratory analyses were subject to replication (n replicates = 0.1x [n samples]), to 
test the precision of these analyses. The replicate values were always within 10 
percent of each other. An identical number of reagent blanks were also used in each 
batch to detect any reading that may have been derived from impurities in the reagents 
used for digests or the enzyme assays. Any positive values obtained from such blanks 
were then averaged and this value was subtracted from each of the sample readings 
for that batch. Certified reference materials for soil and organic material were used 
with each batch of digests to test the level of methodological accuracy. These were 
processed and analysed by the Skalar machine in exactly the same way as other 
samples. The analysed values for certified reference materials were compared with 
certified values for ‘Bush, branch and leaves’ (LGC, Teddington, London). 
Concentrations obtained for the certified reference material were always within 10 
percent of the original certified value.  
 
2.2.3 Statistical analysis 
Data were analysed in the ‘R’ statistical package (version 2.4.1) (R foundation for 
statistical computing, 2006). The effects of N and management were investigated 
using analysis of variance (ANOVA). Generalised linear models (GLM) were used 
for percentage and count data. Binomial correction was applied in GLM to correct 
errors in percentage and count data and Poisson correction was applied to proportional 
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data. Outliers were removed from the dataset using Dixon’s test for outliers. This 
excluded different combinations of sites from several indices, although these mainly 
involved indices of tissue chemistry. Exclusions were also made if the Cook’s 
distance for any data point, read from the diagnostic output in the R statistical 
package, was > 1. This measure detects the analytical influence for each data point in 
the regression, if the Cook’s distance of an individual data point is >1 this indicates 
excessive leverage for that point and it should be excluded (Crawley, 2002). 
 
2.3 Results 
 
2.3.1.1 Pre-fire, ongoing, N addition experiment:  effects of N on vegetation  
The results of the 2005 point quadrat survey showed significant effects of N addition 
on all the vegetational indices, except bryophyte cover (Table 2.5) and these results 
follow the earlier experimental trends found by Barker (2001) and Green (2005), 
which are described in Table 2.1. The strength of N effects has varied historically 
between years (presumably due to inter-annual differences in climate), with the 
effects on some variables being stronger in some years than others, but nevertheless 
significant. There is no discernable long-term pattern that indicating that any effects 
may be becoming more or less significant (Table 2.1). Comparisons with the 15th 
(last) experimental year of data presented by Green (2005), and effects of N in the 
16th year (present study) are given in Table 2.4, indicating that many of these effects 
were slightly stronger during the present experimental phase.  
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Experimental year 15th  
(Green, 2005) 
d.f.N = 1, d.f.D = 14 
16th  
(Present study) 
d.f.N = 1, d.f.D = 14 
Shoot extension  
(% difference with control) 
29% 
F = 10.9*** 
35% 
F = 13.7*** 
Calluna  cover 
 (% difference with control) 
16% 
F = 31.8*** 
20% 
F = 82.1*** 
Canopy height 
 (% difference with control) 
39% 
F = 66.7*** 
59% 
F = 60.2*** 
Canopy density 
 (% difference with control) 
81% 
F = 123.5*** 
89% 
F = 110.9*** 
Lichen cover 
 (% difference with control) 
11% 
F = 90.6*** 
11% 
F = 126.9*** 
Bryophyte cover 
(% difference with control) 
-7% 
F = 6.0*** 
13% 
F = 0.4 n/s 
Spring bud burst 
(% difference with control) 
192%  
F = 48.3*** 
177% 
F = 86.8*** 
 
Table 2.4: Comparison of the most recent results for vegetation measurements - from the 15th 
experimental year of N addition (Green, 2005) with the 16th experimental year (data from the present 
study). Percentage difference: N addition vs. control. F statistic according to ANOVA analysis of N 
addition effects. * P <0.05, ** P <0.01, *** P <0.001 n/s = non-significant.  n = 16 in all cases. 
 
 
The strongest of the present effects was on Calluna cover (P = <0.001). In every 
instance, the effect of N addition was to increase rates of Calluna canopy 
development (shoot length increased by 35.7%, canopy height, 59.8%, canopy 
density, 89.2%) (Table 2.5). Conversely, the significant effect of N on below-canopy 
flora was a reduction in overall abundance. N addition plots were typically 
characterised by a dense, tall and productive Calluna canopy, under which very little 
plant cover existed. Lichen abundance, in particular, was significantly reduced by N 
addition (89.5% less in N addition plots). Control plots receiving no additional N had 
a much lower canopy, which had a reduced rate of growth (Fig. 2.2). These plots 
typically also had a more diverse under-canopy flora, with lichen and bryophyte 
species flourishing. The results of bud burst surveys in 2005 and 2006 indicate that N 
deposition had a significant effect on shoot growth phenology. Bud burst was 49.9% 
more abundant with N addition compared to control in 2005, and 41.7% more 
abundant in 2006 in N addition plots. 
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2.3.1.2 Pre-fire ongoing experiment:  effects of management on vegetation  
The effects of former management were largely non-significant during the present 
experimental period (Table 2.5 & Fig. 2.2). An exception to this was seen with 
bryophyte cover, which was still significantly higher in the high intensity burn 
management plots (P <0.001) (Table 2.5). The interaction between management and 
N deposition was also non-significant in every case. 
 
Variable 
N addition 
d.f.N = 1, d.f.D = 14 
Management 
d.f.N = 3, d.f.D 
= 60 
N x 
Management 
interaction 
d.f.N = 3, d.f.D 
= 60 
N x Time 
(years) 
interaction 
 n = 120 
d.f.N = 3, d.f.D 
= 116 
Management x 
Time (years) 
interaction 
 n = 120 
d.f.N = 5, d.f.D 
=114  
Shoot extension 13.7*** 0.2 n/s 0.1 n/s   
Canopy height 60.2*** 0.9 n/s 0.3 n/s   
Canopy density 10.9*** 2.7 n/s 0.8 n/s   
Flowering incidence 4.0* 0.1 n/s 0.1 n/s   
Calluna vulgaris cover 82.1*** 2.2** 0.3 n/s   
Lichen cover 26.9*** 0.2 n/s 2.3 n/s   
Bryophyte cover 0.4 n/s 4.7*** 1.2 n/s   
Dead shoot abundance 5.7* 1.2 n/s 0.3 n/s   
Absence of below-canopy flora 88.3*** 1.2 n/s 0.1 n/s   
Spring bud burst 2005 86.9*** 0.4 n/s 1.0 n/s   
Spring bud burst 2006 16.4*** 0.7 n/s 0.9 n/s 0.1 n/s 0.3 n/s 
 
Table 2.5. Statistical summary table for ANOVA and GLM analyses of N and management treatment 
effects, from vegetation survey data collected in October 2005 and the spring bud-burst surveys of 
2005 & 2006 from the ongoing N addition experiment. F values with significance: * P <0.05, ** P 
<0.01, *** P <0.001. n = 16-64 
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Nitrogen treatment  
n = 16 
 
Management treatments 
n = 64 
 
Variable Control N HIB HIM LIB LIM 
Shoot extension (mm) 10.6 a +/- 1.8 14.4 b +/- 2.9 12.0 a +/- 2.6 12.5 a+/- 2.2 12.3 a +/- 2.2 13.1 b +/- 2.3 
Canopy height (cm) 15.9 a +/- 2.9 25.4 b +/- 2.3 19.6 a +/- 3.0 20.4 a +/- 3.6 20.3 a +/- 3.4 22.3 a+/- 3.2 
Canopy density  
(pin hits per single canopy transit) 1.6 a +/- 1.8 3.0 b +/- 2.9 2.2 a +/- 1.3 2.2 a +/- 1.3 2.2 a +/- 1.3 2.4 a +/- 1.3 
Flowering incidence  
(% abundance) 25.4 a +/- 1.2 35.7 b +/- 1.2 28.5 a +/- 1.2 30.7 b +/- 1.2 30.2 b +/- 1.1 33.0 c +/- 1.2 
Calluna vulgaris cover (%) 76.9 a +/- 6.8 92.5 b +/- 4.5 79.5 a +/- 10.1 86.0 a +/- 3.7 83.5a+/- 5.8 89.8 a +/- 2.5 
Lichen cover (%) 53.3 b +/- 10.8 5.6 a +/- 9.9 26.3 a +/- 6.8 31.3 b +/- 5.4 30.0 b +/- 7.6 30.2 b +/- 4.1 
Bryophyte cover (%) 19.6 a +/- 8.2 22.3 a +/- 8.1 34.8 b +/- 10.1 15.8 a +/- 3.7 17.3 a +/- 3.8 16.0 a +/- 2.5 
Dead shoot abundance (%) 12.4 b +/- 4.2 6.8 a +/- 3.9 11.8 b +/- 4.2 6.6 a +/- 4.1 11.6 b +/- 5.9 8.5 a +/- 4.0 
Absence of below-canopy flora  
(% abundance) 27.1 a +/- 8.6 72.1 b +/- 7.8 39.0 a +/- 9.5 53.0 b +/- 12.6 52.8 b +/- 11.0 53.8 b +/- 10.5 
Spring bud burst 2005  
(% abundance) 28.2 a +/- 6.3 78.1 b +/- 7.8 52.3 a +/- 11.9 53.4 a +/- 11.2 55.9 b +/- 12.4 51.0 a +/- 10.9 
Spring bud burst 2006  
(% abundance) 15.3 a +/- 1.4 57.0 b +/- 3.0 35.5 b +/- 6.1 35.8 b +/- 6.1 34.5 a +/- 5.4 38.8 c +/- 5.9 
Table 2.6. Treatment means for N and management from vegetation survey data collected in October 
2005 and the spring bud-burst surveys of 2005 & 2006 from the ongoing N addition experiment. HIB: 
high intensity burn, HIM: high intensity mow, LIB: low intensity burn, LIM: low intensity mow. 
Nitrogen or management treatments not sharing the same code (in superscript, according to variable) 
are significantly different from one another (P <0.05) using the Tukey HSD test. Error given according 
to +/- s.e. of the mean. n = 16-64. 
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Figure. 2.2 . Mean values of indices of plant growth and abundance from data obtained by the October 2005 survey in the ongoing N 
addition experiment. Plotted according to (i) N treatment and (ii) historical management. (a) shoot extension, (b) Calluna cover, (c) 
canopy height. Error bars indicate ± 1 standard error of the mean. n = 16-64. Nitrogen or management treatments not sharing the same 
code are significantly different from one another (P <0.05) using the Tukey HSD test. 
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2.3.1.3 Pre-fire ongoing experiment: effects of N and management on foliar chemistry 
and soil 
 
 
The chemical analysis of foliar material collected in October 2005 indicated that N 
addition had a significant effect on foliar N concentration (P < 0.05) (Table 2.8), 
which continues the direction of the response found by Green (2005) as reviewed in 
Table 2.1, but was weaker in strength of significance (compared in Table 2.7). N 
addition was associated with a 10.4% increase in foliar N concentration (Fig. 2.3ai). 
Foliar P was not significantly affected. The effect of management, and the interaction 
between management and N addition was also non-significant for all foliar nutrient 
indices. Soil PME activity was significantly increased by N addition (P < 0.001), but 
was not affected by management or management interaction with N (Fig. 2.4).  
Experimental year 15th  
(Green, 2005) 
d.f.N = 1, d.f.D = 14 
16th  
(Present study) 
d.f.N = 1, d.f.D = 14 
Foliar N 
(% difference with control) 
15% 
F = 72.5*** 
10% 
F = 4.8* 
Foliar P 
 (% difference with control) 
8% 
F = 2.4 n/s 
6% 
F = 2.2 n/s 
 
Table 2.7: Comparison of the most recent results for foliar chemistry - from the 15th experimental year 
of N addition (Green, 2005) with the 16th experimental year (data from the present study). Percentage 
difference: N addition vs. control. F statistic according to ANOVA analysis of N addition effects. * P 
<0.05, ** P <0.01, *** P <0.001 n/s = non-significant.  n = 16 in all cases. 
 
 
N addition 
n = 16 
d.f.N = 1, d.f.D = 14 
Management 
n = 64 
d.f.N = 3, d.f.D = 60 
N x Management 
interaction 
n = 64 
d.f.N = 3, d.f.D = 60 
Foliar N 4.9* 0.8 n/s 0.2 n/s 
Foliar P 2.2 n/s 0.7 n/s 0.05 n/s 
Foliar N:P ratio 2.8 n/s 0.3 n/s 0.6 n/s 
Soil PME activity 12.1*** 0.8 n/s 0.08 n/s 
 
Table 2.8. Statistical summary table for ANOVA and GLM analyses of N and management treatment 
effects in the ongoing N addition experiment, from foliar material collected in October 2005 and soil 
collected in April and October 2006. F values with significance: * P <0.05, ** P <0.01, *** P <0.001. 
n = 16-64.  
 
 
 
 
 
 
 62
0.0
0.5
1.0
1.5
Control +N
Fo
lia
r N
 (%
N
)
0.0
0.5
1.0
1.5
HIB HIM LIB LIM
Fo
lia
r N
 (%
N
)
0.00
0.05
0.10
Control +N
Fo
lia
r P
 (%
P)
0.00
0.05
0.10
HIB HIM LIB LIM
Fo
lia
r P
 (%
P)
0
5
10
15
20
Control +N
Fo
lia
r N
:P
 ra
tio
0.00
5.00
10.00
15.00
20.00
HIB HIM LIB LIM
Fo
lia
r N
:P
 ra
tio
0.00
0.05
0.10
0.15
0.20
0.25
0.30
Control +N
PM
E 
ac
tiv
ity
 (n
m
ol
es
 p
-
ni
tro
ph
en
ol
 g
-1
 d
ry
 w
t s
oi
l h
r-1
)
0.00
0.05
0.10
0.15
0.20
0.25
HIB LIB
PM
E 
ac
tiv
ity
 (n
m
ol
 p
-
ni
tro
ph
en
ol
 g
-1
 d
ry
 w
t s
oi
l h
r-1
)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. 2.3. Mean values for Calluna foliar chemistry from material collected immediately following 
the October 2005 vegetation survey in the ongoing N addition experiment. Plotted according to: (i) N 
treatment and (ii) historical management. (a) foliar N, (b) foliar P, (c) foliar N:P ratio. Error bars 
indicate ± 1 standard error of the mean. n = 16-64. Nitrogen or management treatments not sharing the 
same code are significantly different from one another (P <0.05) using the Tukey HSD test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Mean values for soil PME activity from soil collected in May 2006 from the ongoing N 
addition experiment. Plotted according to: (a) N treatment and (b) historical management. Error bars 
indicate ± 1 standard error of the mean. n = 8-32. Nitrogen or management treatments not sharing the 
same code are significantly different from one another (P <0.05) using the Tukey HSD test 
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2.3.2.1 Pre-fire recovery experiment: effects of former N and management treatments 
on vegetation 
 
The vegetation survey of October 2005 indicated that historical N addition continued 
to significantly affect several vegetational indices, nine growth seasons after the 
cessation of N additions (Table 2.10). This is similar to earlier experimental findings 
of by Barker (2001) and Green (2005), which were reviewed in Table 2.2. The 
strength of these experimental effects has historically varied between years. A 
combined ANOVA analysis of these past and present data with ‘experimental year’ as 
a factor did not find any significant effect, indicating that the strengths of these 
responses have not consistently altered over time. A comparison with the present 
experimental year’s results and the preceding year’s according to Green (2005) are 
given in Table 2.9. 
Experimental year 15th  
(Green, 2005) 
d.f.N = 2, d.f.D = 9 
16th  
(Present study) 
d.f.N = 2, d.f.D = 9 
Shoot extension  
(% difference with control) 
-10% 
F = 1.00 n/s 
6% 
F = 0.62 n/s 
Calluna  cover 
 (% difference with control) 
6% 
F = 0.72 n/s 
5% 
F = 2.41 n/s 
Canopy height 
 (% difference with control) 
11% 
F = 2.40 n/s 
27% 
F = 3.69* 
Canopy density 
 (% difference with control) 
26% 
F = 6.01** 
4% 
F = 0.3 n/s 
Lichen cover 
 (% difference with control) 
-23% 
F = 4.37* 
-30% 
F = 0.31 n/s 
Bryophyte cover 
(% difference with control) 
50% 
F = 0.75 n/s 
-23% 
F = 0.31 n/s 
Spring bud burst 
(% difference with control) 
152%  
F = 27.46*** 
62% 
F = 0.47 n/s 
 
Table 2.9: Comparison of the most recent results for vegetation measurements in the recovery 
experiment - from the 15th experimental year of N addition (Green, 2005) with the 16th experimental 
year (data from the present study). Percentage difference: N addition vs. control. F statistic according 
to ANOVA analysis of N addition effects. * P <0.05, *** P <0.001 n/s = non-significant.  n = 12 in all 
cases. 
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Table 2.10. Statistical summary table for ANOVA and GLM analyses of N and management treatment 
effects in the recovery experiment, from vegetation survey data collected in October 2005 and the 
spring bud-burst surveys of 2005 & 2006. F values with significance: * P <0.05, ** P <0.01, *** P 
<0.001. n = 12-48.  
 
The strongest contemporary response was with lichen cover (P < 0.001). Lichen cover 
was lowest in the high N plots (21.2% lower than control) (Table 2.11). N addition 
was also associated with small non-significant reductions in bryophyte abundance 
(2.0% lower than control in high N plots). The combined effect of these responses is 
reflected in the below canopy flora, which had the lowest cover in the high N plots 
(23.2% lower compared to control). Bryophyte cover was significantly influenced by 
management (P < 0.001). The highest cover occurred in high intensity burn (HIB) 
plots. Lichen cover was the only variable where a significant interaction between N 
addition and management was still apparent (P < 0.001). Nine years after N addition 
ceased, greatest cover was seen in the control + low intensity burn plots. Spring bud 
burst was significantly influenced by former N treatments in 2006 and by 
management in 2005. 
 
 
 
 
 
 
N addition 
n = 12 
d.f.N = 2, d.f.D = 9 
Management 
n = 48 
d.f.N = 3, d.f.D = 44 
N x Management 
interaction 
n = 48 
d.f.N = 3, d.f.D = 44 
N x Time (years) 
interaction 
 n = 96 
d.f.N = 4, d.f.D = 91 
Management x Time 
(years) interaction 
 n = 96 
d.f.N =5, d.f.D = 90 
Shoot extension 0.6 n/s 0.3 n/s 0.3 n/s   
Canopy height 3.7* 0.5 n/s 0.2 n/s   
Canopy density 0.3 n/s 1.7 n/s 0.6 n/s   
Flowering abundance 6.5** 2.1 n/s 3.1 n/s   
Calluna vulgaris cover 2.4* 1.8 n/s 1.1 n/s   
Lichen cover 17.8*** 1.1 n/s 4.1***   
Bryophyte cover 0.3 n/s  6.6*** 0.4 n/s   
Dead shoot abundance 0.5 n/s 0.8 n/s 1.0 n/s   
Absence of below-canopy flora 14.0*** 4.2** 3.6*   
Spring bud burst 2005 0.4 n/s 6.7** 0.1 n/s   
Spring bud burst 2006 3.7* 0.2 n/s 0.1 n/s 0.1 n/s 0.01 n/s 
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Nitrogen treatments 
n = 12 
 
Management treatments 
n = 48 
 
Variable Control Low N High N HIB HIM LIB LIM 
Shoot extension (mm) 8.0 a +/- 0.5 
 
8.6 a +/- 0.6 
 
8.5 a +/- 1.2 
 
7.8 a +/- 0.7 
 
8.8 a +/- 1.0 
 
8.1 a +/- 0.7 
 
8.7 a +/- 0.8 
 
Canopy height (cm) 16.8a +/- 2.8 
 
16.8 a +/- 1.5 
 
21.4 b +/- 2.6 
 
20.0 b +/- 1.0 
 
18.3 a +/- 1.7 
 
19.4 a +/- 1.2 
 
20.8 b +/- 1.4 
 
Canopy density  
(pin hits per single canopy transit) 
1.6 a +/- 0.2 
 
1.7 a +/- 0.1 
 
1.7 a +/- 0.1 
 
1.5 a +/- 0.1 
 
1.7 b +/- 0.0 
 
1.7 b +/- 0.1 
 
1.8 b +/- 0.1 
 
Flowering incidence (% abundance) 22.6 a +/- 8.1 
 
22.4 a +/- 8.5 
 
30.8 b +/- 7.9 
 
24.8 a +/- 8.6 
 
25.4 a +/- 6.5 
 
25.4 a +/- 7.1 
 
26.8 b +/- 6.8 
 
Calluna vulgaris cover (%) 73.2 a +/- 8.1 
 
84.9 c +/- 8.1 
 
77.3 b +/- 8.3 
 
73.0 a +/- 7.2 
 
80.3 b +/- 6.2 
 
77.8 a +/- 8.1 
 
82.7 b +/- 8.1 
 
Lichen cover (%) 72.3 c +/- 7.7 
 
65.3 b +/- 12 
 
51.1 a +/- 13 
 
61.5 a +/- 1.0 
 
64.2 b +/- 1.0 
 
65.5 b +/- 1.0 
 
60.4 a +/- 1.0 
 
Bryophyte cover (%) 8.6 b +/- 0.0 
 
8.1 b +/- 0.0 
 
6.6 a +/- 0.0 
 
15.4 c +/- 12. 
 
5.0 b +/- 3.8 
 
8.1 b +/- 2.1 
 
3.7 a +/- 2.1 
 
Dead shoot abundance (%) 6.3 b +/- 5.1 
 
7.6 c +/- 2.7 
 
4.9 a +/- 3.1 
 
6.2 a +/- 3.1 
 
5.2 a +/- 3.0 
 
9.2 b +/- 5.5 
 
9.2 b +/- 2.9 
 
Absence of below-canopy flora (%) 19.1 a +/- 0.0 
 
26.6 b +/- 0.0 
 
42.3 c +/- 0.0 
 
23.0 a +/- 9.3 
 
30.8 b +/- 11 
 
26.4 a +/- 11 
 
35.9 b +/- 11 
 
Spring bud burst 2005  
(% abundance) 
5.5 a +/- 8.2 
 
19.1 c +/- 7.0 
 
10.2 b +/- 7.8 
 
12.0 b +/- 8.4 
 
9.4 a +/- 10.3 
 
11.5 b +/- 9.5 
 
13.5 b +/- 12 
 
Spring bud burst 2006  
(% abundance) 
9.8 a +/- 0.9 
 
13.7 b +/- 1.1 
 
15.8 b +/- 2.4 
 
12.0 a +/- 1.5 
 
13.7 b +/- 2.8 
 
13.0 a +/- 1.4 
 
14.3 b +/- 2.0 
 
 
Table 2.11. Treatment means for N and management from vegetation survey data collected in October 
2005 and the spring bud-burst surveys of 2005 & 2006 from the recovery experiment. HIB: high 
intensity burn, HIM: high intensity mow, LIB: low intensity burn, LIM: low intensity mow. Treatments 
not sharing the same code (in superscript) are significantly different from one another (P <0.05) using 
the Tukey HSD test. Error given according to +/- s.e. of the mean. n = 12-48. 
 
2.3.2.2 Pre-fire recovery experiment: effects of N and management on foliar 
chemistry 
 
There was no evidence that former N additions were still affecting foliar N 
concentrations nine growth seasons since additions were ceased. There were very few 
differences in the values between treatments. No other aspects of foliar chemistry 
were statistically significant (Fig. 2.5). This follows similar experimental results by 
Green (2005), which were reviewed in Table 2.2. 
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Figure. 2.5. Mean values for Calluna foliar chemistry from foliar material collected immediately 
following the October 2005 vegetation survey in the recovery experiment. Plotted according to: (i) N 
treatment and (ii) historical management. (a) foliar N, (b) foliar P, (c) foliar N:P ratio. Error bars 
indicate ± 1 standard error of the mean. None of these results were statistically significant. n = 12-48. 
Nitrogen or management treatments not sharing the same code are significantly different from one 
another (P <0.05) using the Tukey HSD test. 
 
 
 
2.3.3.1 Post-wildfire recovery experiment: vegetation re-establishment 
 
Results from the post-wildfire surveys suggest that a number of post-fire vegetation 
regrowth responses are significantly linked to the effects of historical management 
and N treatments. Post-fire shoot extension was significantly influenced by past 
management in July and August, although this effect was lost later in the growing 
season (Fig. 2.6 & Table 2.12). The greatest post-fire shoot extension in these cases 
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was recorded with the historical high temperature burn management. Historical N 
treatments appear to have had a small positive effect on post-fire shoot extension, 
although differences in this instance were not significant. 
 
Variable 
N addition 
n = 12 
d.f.N = 2, d.f.D = 9 
Management 
n = 48 
d.f.N = 3, d.f.D = 44 
N x Management interaction 
n = 48 
d.f.N = 3, d.f.D = 44 
July shoot extension 0.2 n/s 3.0* 0.2 n/s 
August shoot extension 2.1 n/s 4.9** 0.2 n/s 
September shoot extension 2.7 n/s 0.8 n/s 0.3 n/s 
October shoot extension 0.6 n/s 0.8 n/s 0.9 n/s 
 
Table 2.12. Statistical summary table for ANOVA and GLM analyses of N and management treatment 
effects on monthly shoot extension in the recovery experiment, from post-wildfire data collected in 
summer 2007. F values with significance: * P <0.05, ** P <0.01, *** P <0.001. n = 12-48 
 
 
 
 
 
 
 
 
 
  
 
Fig. 2.6. Plots of mean values from 2007 post-wildfire vegetation survey in the recovery experiment. 
(a) Monthly Calluna shoot extension by N addition and (b) management. P values (* <0.05, ** <0.01) 
indicate significance by repeated measures ANOVA. When not given, indicates result is non-
significant. Error bars indicate ± 1 standard error of the mean. n = 12-48 
 
The vegetation abundance assessments suggest that former N additions are the 
strongest factor affecting post-wildfire vegetation recovery (Tables 2.13 & 2.14).  
 
Variable 
N addition 
n = 12 
d.f.N = 2, d.f.D = 9 
Management 
n = 12 
d.f.N = 3, d.f.D = 44 
N x Management 
interaction  
n = 12 
d.f.N = 3, d.f.D = 44 
Calluna cover (%) July 14.4*** 1.5 n/s 4.4*** 
Calluna cover (%) October 8.4*** 3.5* 3.4** 
Bryophyte cover (%) July 6.9*** 6.3*** 4.9*** 
Bryophyte cover (%) October 11.2*** 3.3* 1.8 n/s 
Erica cinerea cover (%) July 2.1 n/s 0.4 n/s 1.2 n/s 
Erica cinerea cover (%) October 6.5** 0.4 n/s 0.9 n/s 
Ulex sp. cover (%) July 2.1 n/s 1.5 n/s 0.9 n/s 
Ulex sp. cover (%) October 5.6** 0.9 n/s 0.7 n/s 
 
 (a)  (b) 
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Table 2.13. Statistical summary table for ANOVA and GLM analyses of N and management treatment 
effects on vegetative abundance in the recovery experiment, from post-wildfire data collected in 
summer 2007. F values with significance: * P <0.05, ** P <0.01, *** P <0.001. n = 12-48.  
 
Variable 
Control 
n = 4 
Low N 
n = 4 
High N 
n = 4 
HIB 
n = 12 
HIM 
n = 12 
LIB 
n = 12 
LIM 
n = 12 
Shoot length (mm) 40.5 +/- 2.1 43.7 +/- 1.7 38.6 +/- 5.0 41.1 +/- 1.7 39.8 +/- 1.9 45.5 +/- 5.9 37.4 +/- 1.5 
Calluna cover (%) 87.2 +/- 3.5 80.8 +/- 6.0 76.1 +/- 5.0 83.7 +/- 3.6 84.7 +/- 5.8 82.2 +/- 4.5 74.8 +/- 5.9 
Bryophyte cover (%) 23.1 +/- 4.1 28.7 +/- 5.4 38.3 +/- 3.9 30.5 +/- 4.2 23.7 +/- 5.9 30.7 +/- 5.3 35.2 +/- 3.2 
Erica cinerea cover (%) 1.1 +/- 2.5 3.7 +/- 4.1 0.5 +/- 3.1 1.4 +/- 4.6 1.9 +/- 2.1 1.8 +/- 4.1 1.9 +/- 3.2 
Ulex sp. cover (%) 2.8 +/- 1.5 0.2 +/- 0.1 1.6 +/- 0.5 1.1 +/- 0.2 2.6 +/- 0.2 1.9 +/- 0.6 0.6 +/- 0.2 
 
Table 2.14. Means for N and management treatments from vegetation survey data collected at the end 
of the first post-wildfire growing season in October 2007 from the recovery experiment. HIB: high 
intensity burn, HIM: high intensity mow, LIB: low intensity burn, LIM: low intensity mow. Error given 
according to +/- s.e. of the mean. n = 4-12 
 
 
The most consistent effect of past N addition appeared to be on post-fire Calluna and 
bryophyte abundance (P <0.001). In both instances, the lowest cover occurred in the 
former N addition plots (50.1% lower for bryophytes and 20.2% lower for Calluna) 
(Figs. 2.7 & 2.8). Former management effects were strongest and most consistently 
significant with post-fire bryophyte abundance (p < 0.05). Former high intensity burn 
plots had the greatest post-fire bryophyte cover, which was mainly comprised of the 
fire-tolerant species Campylopus pyriformis. The interactive effects of past N and 
management treatments were significant only for post-fire Calluna and bryophyte 
abundance (p < 0.01) (Fig 2.7), where the high intensity management burn and N 
addition had increased abundance. 
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Figure. 2.7. Plots of mean values from 2007 post-wildfire vegetation survey in the recovery 
experiment. Plotted according to: (i) July abundance data (ii) October abundance data. (a) Calluna 
abundance by N addition and (b) management and (c) Bryophyte abundance by N addition. HIB: high 
temperature burn, HIM: high intensity mow, LIB: low intensity burn, LIM: low intensity mow. P 
values (* <0.05, ** <0.01, *** 0.001) indicate the significance of a result by ANOVA. When not 
given, indicates result is non-significant. Treatments not sharing the same letter are significantly 
different from one another (P <0.05) using the Tukey HSD test. Error bars indicate ± 1 standard error 
of the mean. n =12-48 
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Figure. 2.8. Plots of mean values from 2007 post-wildfire vegetation survey in the recovery 
experiment. Plotted according to: (i) July abundance data (ii) October abundance data. (a) bryophyte 
cover by management (b) Erica cinerea abundance by N addition, (c) Ulex sp. abundance by N 
addition. HIB: high temperature burn, HIM: high intensity mow, LIB: low intensity burn, LIM: low 
intensity mow. P values (* <0.05, ** <0.01, *** 0.001) indicate the significance of a result by 
ANOVA. When not given, indicates result is non-significant. Treatments not sharing the same letter are 
significantly different from one another (P <0.05) using the Tukey HSD test. Error bars indicate ± 1 
standard error of the mean. n =12-48 
 
 
2.4 Discussion 
 
2.4.1.1 Pre-fire ongoing experiment: effects of N on vegetation and soil 
The effects of N addition on vegetation were similar in magnitude and direction to 
those detected in the preceding 7 experimental years. The most consistent effects 
appear to be those that relate to Calluna canopy development and phenology. Spring 
bud-burst (2005) in N addition plots was almost three times more abundant, canopy 
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height 60 % greater and shoot growth rates 36 % faster in N addition plots. These 
responses suggest that even at relatively modest rates of addition (30 kg ha-1 yr-1), and 
against low background levels (8 – 12 kg ha-1  yr-1), significant vegetation effects can 
be found, which continue to demonstrate N limitation even after 10 years of additions. 
The analysis incorporating Time (years) as a co-variate for shoot phenology indicated 
that, although there were differences in the vegetation between years, these effects 
were not progressively changing in response to N addition. The (implications of) 
increased Calluna growth rates, in combination with accelerated shoot phenology 
may give greater risks for drought sensitivity and vegetation damage under stressful 
climatic conditions (Power et al., 1998a).  
 
It is likely that increases in Calluna canopy development and, hence, increased light 
interception, have been responsible for reductions in lichen cover and the absence of 
below-canopy flora. The loss of this vegetation due to N eutrophication may have 
significant impacts on overall ecosystem functioning. Bryophytes and lichens are 
considered by Curtis et al. (2005), to be an important sink for deposited N in Calluna 
dominated systems. The important role bryophytes, such as Sphagnum spp., play as N 
filters in ombrotrophic bogs has also been noted by Lamers et al. (2000) and 
Nordbakken et al. (2003). Elevated N deposition may exceed the capacity of this 
bryophyte filter to store N, leading to further diffusion of N pollution into the wider 
environment. 
 
The effect of N additions on foliar N was expected, as a similar response had been 
observed, although transient in significance and strength, throughout previous years. 
Similar studies, involving higher levels of N inputs, (although in different forms) have 
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also determined significant increases in Calluna foliar N (Gusewell & Koerselman, 
2002; Carroll et al., 1999, Caporn et al. 2007), as have studies on other systems. For 
example, a study of Swedish tundra by Baddeley et al. (1994) found increased foliar 
N in Salix polaris with N addition (NH4NO3) between 10 and 50 kg N ha-1 yr-1. In a 
deciduous beech forest study in Norway, Balsberg & Pahlsson (1992) found increased 
foliar N with N additions (NH4NO3) between 41 and 122 kg N ha-1  yr-1.  
 
The lack of response in foliar P was expected, as the results of previous years 
experimentation at Thursley had not shown any significance in this variable. 
Investigations involving manipulation of P inputs, however, have shown some 
positive responses in tissue P (Aerts & Berendse, 1988; Emmett et al., 2001). It is 
possible that increases in shoot growth rates may have caused some ‘growth dilution’ 
of foliar chemistry, thereby reducing concentrations (Hicks et al., 2000). Some of the 
effects of N addition on foliar chemistry in the present study may have also been lost 
by this growth dilution effect. This may explain why significant effects of foliar N 
have been inconsistent historically during 2001 – 2004 (Table 2.1). The least 
significant N addition effects on foliar N (2002 & 2003), are also the years with the 
highest shoot length measurements. With growth dilution effects in mind, the lack of 
difference in foliar P concentrations of vegetation from N addition plots may be 
reflective of increased P uptake from the soil. If this had not occurred, it is possible 
that growth dilution will have effectively reduced those foliar P concentrations. 
 
Soil phosphatase provides a possible mechanism for increased uptake of soil P, 
phosphomonoesterase (PME) activity was 25% greater in N addition plots. Given that 
this enzyme is involved in the release and uptake of organically-bound phosphate 
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from the soil, these rates of activity may reflect increases in biological demand for P 
(Phoenix et al., 2003). Under increased N input, P may become a more limiting 
nutrient, hence, N loading effectively increases demand for P. The increase in PME 
activity may explain why foliar P concentrations did not differ with N addition, 
despite postulated growth dilution effects that could have reduced these foliar 
concentrations. Increased PME activity will have enabled more effective uptake of P 
in N addition plots, which could have ameliorated some of these effects of growth 
dilution. The increase in PME activity is similar to that found by other studies 
(Phoenix et al., 2003, Pilkington et al., 2005, Johnson et al., 1999 lit, Saiya-Cork et 
al., 2002).  
 
2.4.1.2 Pre-fire ongoing experiment: effects of management on vegetation and soil 
The effects of management treatments carried out in 1998 were non-significant for 
most vegetational responses. Compared with the results of previous years, these are 
unusually weak. The effects of management were consistently significant historically 
during 2001 – 2004 across measures of: Calluna canopy development, shoot 
phenology and below-canopy flora. The present study’s results from 2005 may 
suggest, therefore, that the effects of past management are fading, particularly against 
the stronger influence of ongoing N additions. Exceptions to this occur in the case of 
Calluna cover, which was significantly higher in the low intensity mow plots. This 
response has been consistently significant every year between 2001 and 2005. This 
result is probably reflective of the original height of Calluna vegetation left by the 
low intensity mow, which at 15cm was far higher than other ground-level treatments. 
Well-established stands of vegetation remaining from the low intensity mow 
treatment, will have been in a better condition for effective re-growth and eventual 
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dominance of these plots. The analysis incorporating Time (years) as a co-variate for 
shoot phenology indicated that, although there were differences in the vegetation 
between years, these effects were not progressively changing in response to 
management effects. The lack of a management control is a limitation in this 
experiment. Given that there is no ‘unmanaged’ treatment it has not been possible to 
directly observe the effects of each management treatment, compared with a lack of 
management situation. Given that the plagioclimax heathland community only 
persists due to a regular cycle of management, it is not possible to find ‘unmanaged’ 
patches of heathland, as all heathland must undergo this cycle. An ‘unmanaged 
control’ within the experiment would have arguably been simply ‘less-managed’  than 
the other experimental plots and therefore not a valid control (and also thereby 
introducing a gradient of management frequency to the experiment). Moreover, 
Calluna within an ‘unmanaged control’ would have been at a different stage in the 
Calluna cycle (i.e. taller and more mature), hence, the responses observed in this 
more mature vegetation would have been very dissimilar to (and not representative of) 
the pioneer vegetation that re-emerged following the management treatments. 
 
Bryophyte cover was also significantly influenced by management. In this instance, 
the greatest cover occurred in high intensity burn plots, which is similar to results 
from previous years. It is likely that this is as a result of greater competitiveness of the 
dominant bryophyte species at Thursley, Campylopus pyriformis, which is known to 
be rapid post-fire re-coloniser due to its rhizoid soil system (Duckett et al., 2008). 
Although non-significant, there is also some evidence to suggest that lichen 
abundance had been affected by previous management. The high intensity burn had 
14% lower lichen abundance than other treatments. This may be as a result of the high 
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level of disturbance caused by a management fire. Slower growing lichens will have 
taken longer to recover from a high disturbance event than bryophytes, hence they are 
likely to compete poorly in subsequent years. 
 
2.4.2.1 Pre-fire recovery experiment: effect of N on vegetation and foliar chemistry 
 
The most significant finding of this experiment is that the former N additions were 
still significantly affecting vegetation, 7 years after these treatments had ceased. N 
appears to have had the strongest effect overall on lichens. Given that there was also a 
significant relationship between Calluna canopy height and N addition, it is likely that 
closure of the canopy (and, hence, loss of light) has adversely affected lichen 
abundance. It is also likely that the direct toxic effect of N on lichen, which was 
reported by Pitcairn et al. (1998) in transects away from livestock farms, has had a 
detrimental impact on lichen cover. Bryophyte abundance was also lowest in the N 
addition plots, which may similarly be related to ammonium toxicity, as observed by 
Pitcairn et al. (1998). In a Breckland heath study in East Anglia, Pitcairn et al. (1991) 
also found similar declines in lichen and bryophyte abundance with N addition. An 
increase in the interception of light by a well-developed Calluna canopy will have 
also reduced the competitiveness of below-canopy lichens and bryophytes, a similar 
effect has also been observed by Lee et al. (2000) in a N manipulation study of 
moorland at Ruabon, North Wales.  
 
There have been very few comparative studies on ecosystem recovery following a 
cessation of N addition. As such, it is difficult to contextualise the results of the 
present study beyond the scope of results from previous years at Thursley. Data from 
the Thursley recovery experiment between 1998 and 2004 presented in Power et al. 
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(2006) described some of the persistent effects of former N additions. These included 
ongoing effects on rates of Calluna canopy development and shoot phenology. A 
similar recovery investigation to Thursley was conducted by Caporn et al. (2007) at 
Ruabon in north Wales (UK). This study found reductions in Calluna shoot growth 
rates and foliar N concentration, within two years after N additions (NH4NO3) (40 – 
120 kg N ha-1  yr-1 )  had ceased. However, as this recovery experiment had only been 
running for 3 years, it is not known how persistent these effects may eventually be (in 
the long term). Furthermore, the original N treatments were at far greater levels at 
Ruabon than Thursley.  
 
Other recovery studies include work by Sujetovine & Stakenas (2007), who examined 
understorey woodland vegetation over 8 years, after N (and SO2) inputs had been 
reduced. The study observed a shift in the Ellenberg N indicator values of vegetation 
stands, as nitrophilous species had declined. A forest N interception study by Boxman 
et al. (1994) determined that N in soil solution responded most rapidly once all N 
influx had been intercepted. The vegetation responses took longer to appear, however; 
there was no change in tree growth rates, but the N content of pine needles became 
significantly lower. This finding links well with the ‘cascade response’ hypothesis 
from the NITREX experiment, presented by Tietema et al. (1995). The authors 
suggest that N in soil solution (and hence, that lost to leaching) will be the first factor 
to react to changes in N influx. Under this hypothesis, vegetation is thought to be the 
slowest compartment to respond, after soil microbes. This interpretation fits well with 
the persistent effects of vegetation recovery that have been observed at Thursley. An 
experimental investigation on forest N recovery by Strengbom et al. (2001) also 
supports this interpretation, finding that despite rapid reductions in N leaching, 
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understorey plant responses were relatively slow. A prairie grassland abundance 
investigation by Clark & Tillman (1987) demonstrated that after 10 years, the original 
number of pre-N species had returned, but the abundance of these species had not 
fully recovered to pre-experimental levels, suggesting a delayed recovery process that 
is of a similar time-scale to the present study. In an N manipulation recovery study of 
Swedish tundra, Gordon et al. (2001) found increased levels of N stored in the 
bryophyte layer five years after additions had ceased, which implied ecosystem 
recovery would be a slow process. 
 
The sustained responses to former N additions at Thursley include: an increased 
Calluna canopy height, increased flowering abundance and earlier spring bud-burst. 
These suggest that N addition is still linked to vegetational changes in canopy growth, 
and accelerated shoot phenology, some 10 years after N additions had ceased. In the 
case of canopy height, it is thought that N has encouraged a greater historical 
accumulation of woody biomass, leading to ongoing increased canopy height in 
subsequent years. Earlier results from the Thursley recovery experiment presented by 
Power et al. (2006) observe that the most persistent effects of N are on canopy 
development and shoot phenology. This is consistent with more recent results that are 
presented here. 
 
A lack of significance in the results for foliar chemistry results indicates that N 
remaining in the soil from former additions may not be at a high enough level to 
affect foliar concentrations. An increased supply of N has been linked to increases in 
foliar concentrations, in other studies (Power et al., 1998; Gusewell & Koerselman, 
2002; Caporn et al., 2007). However, as vascular plants have the capacity to 
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translocate stored nutrients from the roots to leaves when necessary, foliar responses 
to increased N are thought to be typically quite plastic (Gusewell, 2004), especially at 
low levels of supply. The results also indicated a (non-significant) increase in foliar P 
in the high N plots. As discussed previously, such an effect may be induced by N as a 
result of increased phosphatase activity, due to greater biological demand for P. 
 
2.4.2.2 Pre-fire recovery experiment: effect of management on vegetation 
Although relatively few persistent effects of the management carried out 8 growing 
seasons ago existed, former management appears to have had the most persistent 
effect on bryophyte abundance. This was highest in the high temperature burn plots in 
the 2005 survey and also in preceding years. This may reflect the increased 
competitiveness and recolonising capacity of the Thursley bryophyte species 
Campylopus pyriformis, which is known to be an adept post-fire recolonising species. 
Hence, it is likely to have flourished after the high temperature management burn due 
to reduced competition from other plants. 
 
The former low intensity mow treatment had the greatest spring bud burst abundance. 
As these particular effects were only found by the most recent survey, and were not 
significant in the preceding years, it is unlikely that spring bud burst is actually 
affected by the effects of former management. The weak, transient responses of 
below-canopy flora to management each year also do not suggest that former 
management has an ongoing effect on these. It is difficult to compare these results 
with other studies, because most other N manipulation investigations involving 
management have specifically focused on biochemical responses (e.g. Hardtle et al., 
2006) rather than changes in vegetation growth.  
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The only significant N addition and management interaction was for lichen 
abundance. In this instance, the highest abundance of lichen existed in the control 
(0N) + low intensity burn plots. This result may reflect slower Calluna canopy 
development in control plots, which may have enabled more light to be available for 
lichen growth. It is also possible that because low intensity burn plots were not 
subject to the litter and humus removal disturbance of the high intensity burn 
treatment, the intact soil surface remaining after management may have initially aided 
re-colonisation of the soil by lichens. This initial recolonisation advantage could be 
responsible for the increased abundance that has been detected 8 years after the 
original management took place. However, given that this response has not detected 
in preceding years it is more likely that the finding is anomalous. 
 
2.4.3 Recovery experiment post fire: vegetation re-establishment: overview 
A number of studies have examined the effect of heathland fires on nutrient export 
and it is generally considered that N makes up the greatest constituent (67.8%) of the 
exported matter from such fires (Allen, 1964). The quantities of N that are released 
have also been found to be directly proportional to the heat of the fire (Kenworthy, 
1964), such that higher temperature wildfires may release greater quantities of N than 
controlled management burns (Barker et al., 2004). In addition to N, a number of 
cations are also lost (K, Ca, Mg) as small quantities in smoke, together with small 
amounts of P (0.6%) (Allen, 1964). After fire, most of these cation nutrients and P 
remain on the soil surface as ash, where they can eventually lost via a leaching 
pathway (Gimingham, 1972). A study by Allen (1964) estimated that total nutrient 
losses after a moorland fire comprised: N 45 kg ha-1 as smoke, P 0.1 kg ha-1 from 
leaching and K 1.0 kg ha-1 from leaching and smoke. A heathland management study 
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by Hardtle et al. (2006), however, found that cation and P leaching losses after a fire 
were minimal, but that the leaching loss for N was significant. The authors found that 
52.9% of the above-ground N content in total was lost as a result of fire.  
 
With these significant N losses in mind, it follows that much of the N that had been 
stored in above-ground biomass at Thursley as a result of former additions will have 
been exported from the experiment. Any of the subsequent effects of former N 
addition that are detectable in the post-fire recovering vegetation are likely to have 
arisen from: (1) stores of N in the soil, (2) confounding factors relating to the 
increased heat of the fire in relation to above ground biomass, or (3) the effect within 
former management burn plots of combined fire cycles (1998 management burn and 
2006 wildfire) that may affect the subsequent abundance of regenerating vegetation.  
 
An increased fire burn temperature is the likely outcome of greater quantities of 
above-ground biomass in heathland (Gimingham, 1972). As significantly greater 
measures of canopy height and canopy density (parameters that are closely 
approximate to above-ground biomass) existed in former N addition plots, it is likely 
that burn temperatures in these plots were also higher and thus, greater quantities of N 
were also removed. An investigation by Whittaker (1960) showed that high burn 
temperatures may also be detrimental to Calluna, which may have had an effect on 
post-fire regeneration rates. Gimingham (1972) also observes that regular burning has 
a profound effect on heathland community composition, resulting in the increased 
competitiveness of fire tolerant species. Given the combined fire cycles (the 1998 
management burn and 2006 wildfire) that have taken place in some of these 
experimental plots, it is possible that some of the variance in post-fire vegetation 
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abundance is attributable to the increased competitiveness of fire-tolerant species, 
particularly in the case of the bryophyte Campylopus pyriformis.  
 
The vegetation responses following the wildfire of July 2006 are particularly 
interesting, suggesting that the effects of both former N additions and historical 
management remain persistent, even after such a high disturbance event. The post-fire 
re-colonisation process also appears to be highly sensitive to the effects of former N 
additions and historical management. It has been considered that newly growing, 
pioneer phase Calluna is in a period of rapid re-growth (Gimingham, 1972) and thus, 
demand for nutrients at this stage may be higher than in building, or mature phase 
stands. High demand for nutrients means that Calluna may be particularly sensitive to 
supply, which is dependent on the residual stores of N (and other nutrients) in the soil.  
 
 
2.4.3.1 Recovery experiment post fire: Management:  
The effects of former management on shoot growth 
 
The monthly Calluna shoot extension surveys indicated that the most rapid growth 
occurred at the earlier part of the growing season, in historical high temperature burn 
plots (Fig. 10 (a)). Under the original hypothesis that this management will have 
removed the greater quantity of N from the system, this is unexpected. Following this 
hypothesis, growth rates should have been slowest overall in the former high 
temperature burn plots before the wildfire, due to greater losses of nutrients. This is 
confirmed by the results presented in this chapter (Fig. 6) and by Green (2005). It is 
likely, therefore, that given that the majority of N is stored in the soil at Thursley 
(Green, 2005), this effect of the former management slowing growth rates would 
persist after the fire. Instead, the opposite effect has been found. Gimingham (1972) 
notes, however, that the stem bases of younger Calluna plants may be killed by high 
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temperature burns. This suggests that only the more mature root stocks may have 
survived the original management in 1998. Following the historical high temperature 
burn, these plots are likely to have mainly comprised a surviving population of 
established fire-tolerant root stocks, which were also more likely to have survived the 
second fire. The influence of burning is effectively multiplied in this case, as 
surviving and established root stocks will have been better placed to recover quickly 
from the second fire. It was noted, while conducting the post-wildfire survey, that the 
greatest shoot growth extensions always originated from surviving Calluna root stock, 
rather than from emerging seedlings. This may explain why higher growth rates were 
found initially in the historical high temperature burn plots. As the year progressed, 
however, growth rates in other treatments accelerated as they re-established. The 
result is similar to that found by Henry et al. (2006) in a post-wildfire grassland 
community. They concluded that growth rates after fire varied; established vegetation 
grew quicker in the early part of the growing season, but was slowed later on. 
 
 
2.4.3.2 Recovery experiment post fire: Management:  
The  effect of management on vegetation cover 
 
Vegetation cover is derived from the number of instances a species was recorded by a 
pin quadrat placed at regular points within each plot. This spatial measure of species 
presence is derived, therefore, from the parameters of species abundance and relative 
growth rates. An increased growth rate will have a positive effect on the overall cover 
score, as will an increased abundance of individuals of that species. Mallik & 
Gimingham (1983) and Bullock & Webb (1995) observe that post-fire heathland 
succession, is a dynamic and rapidly changing process that takes several growing 
seasons to stabilise until a Calluna dominated heathland emerges. As a result of this, 
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the interpretations of post-fire results must be taken on balance with the fact that they 
are taken from the first growing season of this dynamic phase.  
 
Management was a significant factor affecting post-wildfire cover of Calluna and 
bryophytes. In the case of Calluna, former high intensity burn management plots had 
the highest abundance throughout the whole growing season. Bryophyte cover, 
however, showed a similar response initially, but by October this had changed. At the 
end of the growing season, the least intensive former management (low intensity 
mow) had the highest bryophyte cover. As previously stated, it is likely that Calluna 
and bryophytes (largely the fire-tolerant and sub-soil-surface regenerating species 
Campylopus pyriformis) in the high temperature burn plots had re-grown from a 
resistant sub-soil-surface mat, which had survived the original management burn and 
the later wildfire. It is postulated, that by re-growing from an established fire-resistant 
root stock, these plants may have initially had an advantage, explaining their 
increased cover immediately following the fire (Fig 12 di). 
 
The 2006 wildfire provided an excellent opportunity to evaluate the ongoing effects of 
former N additions and management on the re-establishment of sensitive and rapidly 
growing vegetation. As a result, some highly significant effects have been detected, 
which were not previously as strong in the more mature vegetation stands that existed 
before the fire. The results suggest that the effects of past N loading may last for 
many years, even following a wildfire and indeed that ecosystem level effects may be 
more apparent during the vigorous early growth phase. 
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2.4.3.3 Recovery experiment post fire: N:  
The effect of N on post-wildfire shoot growth 
 
Heathland fires are thought to be particularly effective at removing above-ground N 
(Gimingham, 1972; Barker, 2004), so it is perhaps surprising that any effect of these 
former N additions was still detectable, 10 years after these inputs ceased. A fire 
effects study by Britton & Fisher (2008) on Calluna dominated vegetation determined 
that regeneration after burning actually enhanced the effects of former N additions, 
which was indicated by shoot growth rates that were increased by a factor of 2. This 
view is partially borne out by the results of the present study, although in this case the 
increases have been non-significant and of a smaller magnitude. Given the earlier 
interpretation that fire temperatures were likely to have been higher in the former N 
addition plots due to a greater level of standing biomass, it is remarkable that 
increased shoot growth rates also existed there. High fire temperatures are expected to 
impair the ongoing performance of regenerating rootstocks, as has been suggested by 
Gimingham (1972). An interpretation of this result is that the wildfire temperatures 
may not have been excessive, such that they impacted on the ongoing growth rates of 
surviving rootstocks. The increased post-fire shoot growth rates, therefore, are likely 
to be derived from stores of N remaining in the soil and potentially, from N stored 
within the Calluna rootstocks themselves. 
 
2.4.3.4 Recovery experiment post fire: N:  
Effect of N on vegetation cover 
 
N influenced post-wildfire vegetation cover, particularly for Calluna and bryophytes. 
The greatest cover in both these cases occurred in the control plots, which suggests 
that former N additions may have some detrimental effect on post-wildfire regrowth.  
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It is postulated that, due to the greater woody biomass in former N addition plots, the 
wildfire may have burnt more fiercely. This is in accordance with Gimingham (1972), 
who notes that the burn temperature of a heathland fire is directly related to the 
quantity of woody biomass. A greater intensity of fire in these plots may have 
affected the vegetation more severely (particularly the Calluna rhizomes and 
bryophytes) hence, regrowth has been less abundant.  
 
Conversely to the situation with Calluna and bryophyte cover, Erica and Ulex, which 
were also both significantly affected by N, re-grew more abundantly in the former 
high N treatments. The difference in this case is that plants from these genera are 
likely to have re-established mainly from germinating seeds. Neither of these genera 
were significantly represented in the pre-wildfire vegetation and it is, therefore, likely 
that most of the post-wildfire re-growth was from seedlings. These seeds will have 
survived the fire in a sub-surface soil seed bank, which is a typical scenario for 
heathlands (Valbuena & Trabaud, 2001). Seedling growth is likely to have been 
enhanced by N remaining in the soil from former additions (or P released by the fire), 
an effect that has also been observed on N fertilised Calluna seedlings by Legg et al. 
(1992). An investigation into the combined effects of fire and N on the understory 
flora of coniferous forests by Hurteau & North (2008) found that woody understory 
shrubs similar to Erica were found to decline where these two treatments had been 
applied, which is not in accordance with the findings of the present study. 
 
2.5 Conclusions 
This paper has presented a wide range of results from the Thursley experiment which 
collectively suggest that N inputs, even at relatively low levels, can have significant 
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ongoing effects on the development of Calluna and other heathland flora. N has a 
significant detrimental influence on below canopy flora, such as bryophytes and 
lichens this may have a critical impact some ecosystem services, such as the capacity 
to store and filter N pollution (Curtis et al., 2005).  The ongoing persistence of 
detrimental effects to bryophytes and lichens when N inputs are significantly reduced 
is also notable. Heathland management has been considered a worthwhile strategy to 
reduce the impact of N inputs on heathlands. However, owing to the persistence of 
some N effects when N additions have ceased and remedial managements have been 
carried out, our experiment suggests that several cycles of management at an intensive 
level may be needed in order to mitigate these effects. The wildfire illustrated just 
how sensitive early growth phases can be to the effects of former N additions (and the 
effects of past management). The strength of these N effects, which have persisted 
even after such a severe disturbance event as a wildfire, indicates that they may 
continue to exist for a number of subsequent growing seasons. 
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Chapter 3 
 
Does phosphorus limitation modify 
heathland responses to N deposition? 
 
3.1. Introduction 
 
The effects of enhanced anthropogenic N emissions have been well researched, 
particularly on N limited heaths (Uren et al., 1997; Power et al., 1995). Where N is 
the limiting nutrient, deposited atmospheric N is known to increase rates of 
productivity and biomass accumulation in heathland vegetation (Power et al., 1995, 
1998b; Carroll et al., 1999). N addition is known also to affect microbial biomass and 
rates of acid-phosphatase enzyme activity in the soil (Johnson et al., 1998; Phoenix et 
al., 2003). However, it is uncertain how these effects may be modified in heathlands 
that are limited by other nutrients, particularly P. It has been suggested that as P 
limited heathlands are resilient to the productivity increases that occur in N limited 
heathlands, they may also be potentially more robust to some of the detrimental 
effects of N deposition (Cunha, 2002). There is potential, however, that N deposition 
may alter the normal functioning of soil and litter nutrient cycling in P limited 
heathlands and so change competitive dynamics.  
 
3.1.1.1 Macronutrient availability 
The availability of macro nutrients including P is governed by characteristics, such as 
the nature of underlying geology or soil type, each of which varies at a range of 
spatial scales (Chapman et al., 1989). Many Calluna vulgaris dominated heaths have 
 88
been shown to be limited by P, or co-limited by N and P, according to fertilisation 
studies (Gusewell, 2004; Roem et al., 2002; Riis-Nielsen, 1997; Aerts & Berendse, 
1988). These outcomes may be as a result of underlying environmental factors that 
reduce P availability, in combination with high levels of N inputs which will 
exacerbate P limitation. Changes in the vegetation dynamics of P limited heathlands 
with elevated N inputs have also been well researched and these effects have been 
attributed to overall reductions in Calluna competitive ability (Aerts & Berendse 
1988). The physiological and biochemical mechanisms that underpin this process, 
however, are still not well understood at present. 
 
In situations where enhanced N deposition has affected previously N limited 
heathlands for some years, the N eutrophication process may drive the nutrient 
limitation status toward N-P co-limitation or P limitation (Gusewell, 2004). By 
investigating the effects and processes underlying scenarios of increasing P limitation, 
potential understandings may be gained that are of benefit to all heathlands that are 
under conditions of elevated N deposition. 
 
3.1.1.2 P limitation and N:P ratios 
The meta-analysis by Koerselman & Meuleman (1996) postulated that P limitation in 
heathlands (and other similar habitats) would modify the effects of N deposition and 
prevent productivity increases (where P was the limiting nutrient). In response to this, 
increases in the N:P ratio of vegetation limited by P were thought to be indicative of a 
luxury storage of surplus N in plant tissue, particularly where this nutrient could not 
be used to increase above ground biomass. Gusewell et al. (2003) suggested that 
nutrient limitation (reflected by tissue N:P ratios) was linked to biomass production in 
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wetlands. High tissue N:P ratios (>20) were associated with vegetation that would not 
undergo increases in productivity following additional fertilization by N. Below this 
ratio, the situation was less determinate, as the response to fertilization was likely to 
be co-limited by either N or P. In her review of 2004, Gusewell also suggested that 
Calluna vulgaris was adapted to thrive especially well under conditions of slight P 
limitation. Due to enhanced N deposition, however, shifts in the nutrient dynamics of 
heathlands towards an increasingly eutrophic, but P limited situation, could be 
responsible for some of the detrimental effects of N deposition observed in surveys 
and manipulation experiments. These include drought sensitivity, reduced frost-
hardiness and the invasion of graminoids (Aerts & Berendse, 1988; Cunha et al., 
2002). Brouwer et al. (2001) also suggested that significant shifts in the nutrient 
limitation status of heathlands from N deposition may also be responsible for 
reductions in flowering capacities and an increased susceptibility to pathogens. An 
upland moorland manipulation experiment at Ruabon, North Wales by Carroll et al. 
(1999) found that (NH4NO3) application at rates of 80 – 200 kg N ha-1 yr-1 produced 
increased growth responses to N that rapidly declined. This suggests the site may have 
become P limited. Subsequent N additions increased Calluna foliar N concentrations 
and foliar N:P ratios, which were indicative of surplus N storage (Carroll et al., 1999). 
Further to this, there were also detrimental effects on the bryophyte and lichen 
communities. Bryophytes, however, recolonised as the Calluna canopy began to age 
and open up (Lee et al., 2000). This response suggests that N (in this case supplied as 
ammonium nitrate) may be phytotoxic to lichens, whereas bryophytes are likely to be 
more responsive to light competition. Further investigation at the site by Pilkington et 
al. (2005) revealed that the majority of deposited N was retained by the soil organic 
layer, suggesting that surplus N accumulates near the soil surface. Ground-dwelling 
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lichens may be adversely affected by an accumulation of surplus N on the soil 
surface, as they are particularly sensitive to the phytotoxic effects of high ammonium 
levels (Bobbink et al., 1998). N and P manipulation at the Hjelm Hede in Denmark by 
Riis-Nielsen (1997) initially revealed that this heathland was P limited. Subsequent N 
fertilisation resulted in an increased intensity and level of damage arising from 
heather beetle attack. Further work at the site by Nielson et al. (2000) also showed 
that surplus N was retained by the humified organic soil horizon. The retention 
process was dependent, however, on this soil layer remaining intact. One of the 
effects of the heather beetle outbreak was the gradual degradation of this layer. When 
this occurred, nutrients were leached to deeper within the soil profile, at the B 
horizon. 
 
3.1.1.3 Mesocosm methodology 
The present study used intact heathland mesocosms, which were collected from a 
heath that had been previously assessed, according to the ratio of plant available N 
versus P (D. Rose, unpublished data), as likely to be P limited. The use of mesocosms 
for manipulation experiments, as opposed to manipulation at the field scale, enables 
controlled experimentation on intact vegetation and soil from specific vegetation that 
might not otherwise be feasible (Verhoef, 1996). A disadvantage of the method, 
however, is that due to the collection disturbance involved, constraining conditions, 
and altered soil temperature and moisture regime of the mesocosm containers, natural 
growing conditions may not be perfectly replicated. Mesocosm experiments on the 
effects of N deposition on N limited heathland, grassland and mire vegetation have 
been used successfully, however, in a number of investigations (van den Berg et al., 
2005, 2008; Basin et al., 2007; Limpens et al., 2003; Limpens et al., 2003; Heijmans 
 91
et al., 2001). These studies each found significant effects from N deposition, 
including increases in growth rate and biomass accumulation. 
 
3.1.2 Hypotheses 
The present study hypothesised that the mesocosms would respond to fertilization by 
their expected limiting nutrient, in this case P. It was expected that this response 
would be expressed by faster growth rates and a greater accumulation of biomass in 
treatments that were fertilised by the limiting nutrient. It was also hypothesised that 
any fertilisation by the surplus nutrient (in this case expected to be N) would lead to 
luxury storage of that nutrient and a change in N:P ratios in vegetation tissue, litter 
and soil. Following fertilisation, any significant shifts in N:P ratios and the growth 
limitation status were thought likely to affect flowering abundance, plant phenology 
and the incidence of dead shoots, which may be as a result of increased pathogen 
damage. These were the expected responses according to the literature (Gusewell, 
2004; Cunha, 2002). Co-limitation is hypothesised to occur after fertilisation by the 
limiting nutrient has matched biological demand. After this point, the mesocosms 
would be most likely to respond to ongoing fertilisation with combined amounts of N 
and P. Fertilization by N or P was also expected to affect rates of phosphatase activity 
in the soil, due to changes in the microbial demand for P. In accordance with the 
findings of other studies on phosphatase activity (Phoenix et al., 2003; Pilkington et 
al, 2005), N addition was expected to increase rates of this enzyme. P addition was 
hypothesised to reduce rates, however, as an increased supply of mineral P would 
reduce demand for organically derived P by roots and microorganisms.  
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The aims of the study were to (1) determine the nature of nutrient limitation in intact 
heathland mescosms from Winfrith Heath, Dorset; (2) investigate the effects of 
moderate to high levels of N deposition on vegetation, litter and soil from heathland 
mescosms that were likely to be P limited; (3) investigate the effect of significant 
increases in the degree of relative P limitation on heathland vegetation and soil; (4) 
investigate the effects of N and P addition on biomass accumulation on mesocosms 
that are likely to be P limited. 
 
3.1.3 Results from previous experimental years 
The first year of mesocosm study (April 2003 – April 2004) was reported by Rose 
(2004). This initial period of the investigation revealed that there were significant 
responses in all growth parameters to P fertilisation, but none to N. This effect 
persisted throughout the year. N addition was linked to a large increase in bryophyte 
cover, particularly in the nitrophilic species Eurhynchium praelongum. As little N was 
found to be lost to leaching or gaseous emissions, it was considered that surplus N 
was being stored in the bryophyte community and soil. Ongoing experimentation 
(April 2004- April 2005) on the mescocosms by Green (2005) found a positive effect 
of P on Calluna growth, however, it was also detected that accumulating P treatments 
had begun to alleviate P limitation. The significant growth response to N that existed 
in the combined N-P fertilisation treatments was interpreted as being due to this. 
Where N was applied alone, however, the mesocosms remained P limited, so N inputs 
were thought to remain surplus to requirements. Luxury consumption of surplus N 
was reflected by enhanced foliar N concentrations and elevated N:P ratios. Some 
significant growth responses to N that were detected by Green (2005) were interpreted 
as potentially indicative of N-P (co)-limitation. Increased water stress in the high N 
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treatments also arose following sustained drought conditions, which had a detrimental 
effect on the Calluna canopy. The findings from the first two years’ experimentation 
are summarised in Table 3.1. Contrasts between years indicate that the strength of N 
fertilisation effects may be increasing for shot length, canopy density and bryophyte 
cover. P fertilisation effects are increasing in strength for shoot length, canopy height 
and canopy density only. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.1: Summary of results from the first two years of the mesocosm study by Rose (2004) and 
Green (2005). GLM analyses of N or P or NxP treatment effects. F values and significance *P<0.05, 
**P<0.01, ***P<0.001, ns (not significant). “N” d.f.N = 2, d.f.D = 21. “P” d.f.N = 1, d.f.D = 16. “NxP” 
d.f.N = 1, d.f.D = 28 
 
 
 
3.2 Methods 
 
Thirty mesocosm monoliths were collected using 30cm diameter plastic cylinders that 
were driven 60cm into vegetated soil in a Calluna vulgaris (henceforth referred to as 
Calluna) dominated area of Winfrith Heath (UK Grid Reference SY 818 866, 
background N deposition 14.6 kg N ha-1 year-1) in February 2003. The cylinders were 
used as ongoing experimental containers for the mescosms to minimize the effects of 
 2003-2004 f(Rose,h2004) 2004-2005 (Green,h2005) 
 N P NxP N P NxP 
Calluna shoot length 0.1 n/s 4.5 * 0.2 n/s 5.6 ** 3.8 n/s 0.2 n/s 
Calluna canopy height 3.6 n/s 0.9 n/s 0.3 n/s 7.4 n/s 1.7 ** 0.4 n/s 
Calluna canopy density 2.1 n/s 1.2 * 1.4 n/s 5.1 *** 21.6 *** 6.7 ** 
Calluna % flowering - - - 4.6 * 6.8 * 0.3 n/s 
Calluna % cover - - - 1.5 n/s 7.0 ** 2.8 n/s 
Calluna % foliar N - - - 5.9 ** 1.2 n/s 0.4 n/s 
% Lichen cover 0.9 n/s 0.1 n/s 0.1 n/s 1.3 n/s 0.1 n/s 0.1 n/s 
% Bryophyte cover 4.8 * 0.2 n/s 1.1 n/s 1.1 *** 1.6 n/s 0.9 n/s 
% Bud burst    3.6 * 86.8 *** 9.1 * 
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disturbance. The mesocosms were transported to Silwood Park (UK Grid Reference 
SU947 686) and held outdoors in a mammal-excluding enclosure. They were arranged 
in a randomised 5 by 6 grid over a gravel bed on a 1 m high wooden frame that was 
erected for the purpose. While in situ, the mescosms were wrapped in an aerospace 
insulation film and drainage was fitted to the bottom of each. The background N 
deposition at Silwood Park is 16.2 kg N ha-1 year-1 (APIS, 2007). After a settling in 
period, factorial fertilisation treatments were begun in April 2003.  
 
To establish the nature of nutrient limitation and investigate the effects of N 
deposition, mixed N, P and N+P treatments were applied to the 0.07 m2 mesocosms in 
500ml of deionised water using a plant sprayer at rates given in Table 3.2. N was 
applied as ammonium nitrate (NH4NO3), with P being applied in the form of sodium 
phosphate (Na2P2O5). Ammonium nitrate was used as this compound is most typically 
used in contemporary N manipulation experiments (Cunha, 2002), providing a 
combined dose of reduced and oxidised N. This form N application was contrast to 
the ammonium sulphate that was used in the Thursley manipulation experiment 
(Chapter 2), whereby ammonium sulphate had been used to answer initial research 
questions regarding the effects of environmental acidification. Five replicates were 
used for each treatment and the mesocosms were each sprayed weekly from March 
2004 until July 2007. A limited amount of additional water was supplied when needed 
during the summer to prevent the cores from drying out completely. In 2006 one of 
the mesocosms was damaged by drought to the extent that it was permanently 
excluded from future statistical analyses. In 2007 another mesocosm was again 
permanently excluded from ongoing analyses due to drought damage. Both these 
mesocosms were in the ‘NNP’ treatment (Table 3.2). 
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N addition P addition Treatment 
‘code’ 
n = 
0 kg ha -1 yr -1 0 kg ha -1 yr -1 Control 5 
20 kg ha -1 yr -1 0 kg ha -1 yr -1 N 5 
60 kg ha -1 yr -1 0 kg ha -1 yr -1 NN 5 
0 kg ha -1 yr -1 20 kg ha -1 yr -1 P 5 
20 kg ha -1 yr -1 20 kg ha -1 yr -1 NP 5 
60 kg ha -1 yr -1 20 kg ha -1 yr -1 NNP 5-3 
 
Table 3.2: Treatment combinations applied to the 
mesocosms weekly from spring 2003 until July 2007. 
Rates are exclusive of the 16.2 kg ha-1 yr-1 N 
background deposition rate at the mesocosm 
experimental site. 
 
The experimental approach involved three main areas of investigation: (1) ongoing 
recording of vegetation growth data; (2) ongoing analysis of chemical variables in 
soil, litter and plant tissue; and (3) a final total harvest analysis of all above-ground 
material, involving measurements of biomass and tissue chemistry.  
 
3.2.1.1 Recording of vegetation growth 
The relative abundance of bud burst was recorded in a single day each spring from 
2005-2007 by selecting 25 shoots by randomised co-ordinates per mesocosm and 
noting whether bud emergence was in progress or not. An intensive point quadrat 
assessment of vegetation height, density and cover was made at the end of each 
growing season in October. The point quadrat survey data were collected from 25 
averaged points per mescosm and included measures of canopy height, canopy 
density, current year’s shoot extension and ground flora. In April 2006, following 
previously observed changes in the composition of mesocosm ground flora, a detailed 
bryophyte survey was also conducted. This recorded the abundance of bryophytes to 
species level, using 25 quadrat points that were regularly spaced in a grid 
arrangement. 
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3.2.1.2 Tissue nutrient analysis 
Following each October’s point quadrat growth survey, an aggregate sample was 
collected of the present year’s green growth from each mesocosm. This was analysed 
for N and P content, according to the same laboratory and quality control procedures 
as described in 2.2.2. 
 
3.2.1.3 Soil enzyme activity 
In May 2006 a soil phosphomonoesterase (PME) assay was conducted on soil samples 
from each mesocosm to determine the effect of mesocosm fertilization on the activity 
of this enzyme. For this assay, soil samples were collected using a 10mm Ø soil auger 
to a depth of 2 cm. This material was then sieved (<2mm). The phosphatase method 
was modified from Tabatabai & Bremner (1969), according to the method of 
Pilkington (2005). The general techniques used follow those described in more detail 
in 2.2.2. 
 
3.2.1.4 Soil Extractable N and P 
In November 2006, an analysis of extractable N and P was carried out on freshly 
sampled soil. Extractable ammonium and nitrate (N) were extracted by 1M KCl, 
according to the method of Allen (1974). P was extracted with Truog’s solution, as 
described by Allen (1974). The N or P concentrations of extracts were determined by 
automated colourimetric Skalar San ++ analysis. The techniques and quality control 
methods used for the extracts and their analysis were identical to those described in 
more detail in 2.2.2. 
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3.2.1.5 Soil pH 
The pH of each soil sample was measured using a 2:1 solution of fresh soil /distilled 
water and a pH meter (Mettler Toledo, Switzerland). This method was identical to 
that described in more detail in 2.2.2. 
 
3.2.1.6 Final mesocosm biomass harvest and tissue chemistry analysis 
A total above ground (final) biomass harvest was conducted in July 2007. All above 
ground material, including Calluna vulgaris, Erica cinerea, litter and bryophytes was 
removed. Individual Calluna plants were dissected according to the year of growth of 
that part of the plant. These annual growth fractions were determined by the presence 
of old ‘bud scales’ along the woody stem that indicated where each previous years’ 
spring growth had started. The Calluna growth fractions obtained from this were (1) 
current year’s growth, (2) 1-2 year old growth, (3) 2-3 year old growth and (4) older 
growth. Fractions (1) to (3) represent material that had grown during experimentation. 
All plant tissue and litter fractions were weighed and analysed for total N and P 
content by Kjeldahl digest, according to the same sample preparation and analysis 
procedures given in chapter 2. The values obtained were converted to give the nutrient 
(N or P, and N:P) concentration per gram of dry tissue or soil, or the total nutrient 
content (in mg) of each biomass fraction. 
 
3.2.1.7 Final mesocosm harvest: soil analysis 
A composite sample of homogenised soil was also collected, after all the vegetation 
had been removed, using 10mm Ø soil auger to a depth of 2 cm.  These soil samples 
were dried at 80ºC for 24hrs and ball milled (Glen Creston, England) until reduced to 
a homogenous fine powder. The ball milled material was digested by Kjeldahl (H2SO4 
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+ Se catalyst) digest and The N and P concentrations of these were determined by 
automated colourimetric analyser (Skalar San System, Netherlands). These techniques 
followed exactly the same procedures and quality control methods as given in 2.2.2.  
 
3.2.1.8 Statistical analysis 
All data were analysed using two-way and factorial ANOVA, and GLM in R version 
2.4.1 (The R Foundation for Statistical Computing, 2006) according to the N or P 
treatment combination applied. Count data were analysed using Poisson error 
correction and percentage data using binomial error correction in GLM. Outliers were 
excluded according to the same principles outlined in 2.2.3. 
 
3.3 Results   
3.3.1 Vegetational growth surveys 
 The mesocosms showed a positive growth response to fertilization by N + P (Table 
3.3 & Fig. 3.1). The strongest of these was with the increase in shoot extension (P < 
0.001). There was also a positive response to simulated N deposition in the spring 
bud-burst measurements in 2007 (P <0.05) (Fig. 3.2a), although the response to the P 
treatment was stronger (P <0.001). The significant combined treatment effect of N 
and P addition in spring bud-burst is a corollary of both these responses. The other 
vegetational variables were non-significant. The results for the bryophyte species 
survey were also statistically non-significant (Fig. 3.3 and Table 3.3). This survey 
determined that three bryophyte species were present in the mescosms (in order of 
abundance): Hypnum jutlandicum, Dicranium scoparium and Campylopus introflexus. 
Where bryophytes were present, the overwhelming dominance of a single species in 
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every case (Hypnum jutlandicum) meant that a statistical analysis of the effects of 
fertilisation on relative species abundances did not find any significant effects. 
 
 
 
 
2005  
n = 30 
2006  
n = 29 
2007  
n = 28 
Variable Treatment Mean Mean Mean 
Shoot extension 
(mm) 
 
Control 
N 
P 
N+P 
 
45.3 +/- 3.0 
27.6 +/- 1.2 
53.3 +/- 4.2 
62.2 +/- 4.5 
 
32.3 +/-1.7 
32.2 +/- 2.5 
39.5 +/- 4.8 
48.9 +/- 3.9 
 
 
 
 
Canopy height 
(cm) 
Control 
N 
P 
N+P 
 
15.1 +/- 0.9 
8.1 +/- 0.9 
15.1 +/- 1.0 
19.5 +/- 1.5 
 
17.2 +/- 1.9 
23.0 +/- 2.3 
20.7 +/- 1.1 
25.4 +/- 4.5 
 
 
 
 
Canopy density 
(pin hits per 
single canopy 
transit) 
Control 
N 
P 
N+P 
 
2.4 +/- 0.1 
2.5 +/- 0.1 
2.9 +/- 0.2 
3.5 +/- 0.4 
 
2.2 +/- 0.2 
2.8 +/- 0.2 
3.1 +/- 0.2 
3.2 +/- 0.2 
 
 
 
 
Flowering 
abundance (%) 
Control 
N 
P 
N+P 
 
60.0 +/- 6.5 
42.4 +/- 5.5 
40.8 +/- 9.9 
45.6 +/- 4.1 
 
59.0 +/- 16.1 
68.4 +/- 7.4 
74.5 +/- 1.6 
63.9 +/- 7.8 
 
 
 
 
Calluna vulgaris 
cover (%) 
Control 
N 
P 
N+P 
 
86.4 +/- 5.1 
83.2 +/- 5.4 
78.4 +/- 9.4 
94.4 +/- 3.0 
 
96.8 +/- 2.3 
81.6 +/- 6.0 
97.6 +/- 1.6 
94.4 +/- 3.0 
 
 
 
 
Lichen cover (%) Control 
N 
P 
N+P 
 
0.0 +/- 0.0 
0.1 +/- 0.0 
0.1 +/- 0.0 
0.0 +/- 0.0 
 
4.0 +/- 4.0 
0.7 +/- 0.0 
0.7 +/- 0.0 
0.0 +/- 0.0 
 
 
 
 
Bryophyte cover  
(%) 
Control 
N 
P 
N+P 
 
89.6 +/- 3.5 
55.6 +/- 5.3 
53.1 +/- 15.8 
41.6 +/- 8.4 
 
94.4 +/- 5.6 
83.8 +/- 4.6 
80.5 +/- 13.4 
85.6 +/- 7.7 
 
 
 
 
Bare ground (%) Control 
N 
P 
N+P 
 
10.4 +/- 1.8 
44.2 +/- 2.6 
46.9 +/- 7.9 
58.4 +/- 6.2 
 
1.6 +/- 1.6 
16.2 +/- 4.6 
19.5 +/- 13.4 
14.4 +/- 7.7 
 
 
 
 
Spring bud burst 
(% abundance) 
Control 
N 
P 
N+P 
 
5.0 +/- 2.2 
52.0 +/- 3.3 
66.3 +/- 2.9 
70.0 +/- 1.8 
 
5.0 +/- 4.8 
59.7 +/- 5.5 
77.0 +/- 4.4 
83.5 +/- 4.5 
 
4.0 +/- 17.5 
64.0 +/- 45 
80.3 +/- 20 
87.0 +/- 57.5 
 
Hypnum %  abn. 
2006 bryophyte  
survey 
Control 
N 
P 
N+P 
 84.0 +/- 9.7 
80.8 +/- 5.9 
75.2 +/- 13.5 
78.0 +/- 6.0 
 
 
Table 3.3: Mean summary table for N treatment group, P treatment group and N+P treatment group, 
from vegetation survey data collected in the 2005 & 2006 October point quadrat surveys, spring bud 
burst assessments and 2006 bryophyte survey. Error given as +/- 1 s.e. of the mean. Control n  = 6, N n 
= 12; P n = 18 (2005), 17 (2006), 16 (2007); N+P n = 12 (2005), 11 (2006), 10 (2007). 
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2005 n = 30 2006 n = 29 2007 n = 28 
Variable 
 
ANOVA 
effects by 
treatment F p F p F p 
Shoot extension  
 
 
N 
P 
NxP 
 
- 
0.6 
8.3 
3.9 
 
- 
n/s 
*** 
*** 
 
- 
6.4 
1.8 
3.4 
 
- 
** 
n/s 
n/s 
 
  
Canopy height  
N 
P 
NxP 
 
- 
0.6 
4.0 
2.5 
 
- 
n/s 
*** 
** 
 
- 
2.0 
3.6 
0.5 
 
- 
n/s 
* 
n/s 
 
  
Canopy density   
N 
P 
NxP 
 
- 
2.2 
6.7 
1.3 
 
- 
n/s 
*** 
ns/ 
 
- 
3.5 
9.0 
0.4 
 
- 
n/s 
*** 
n/s 
 
  
Flowering 
abundance 
 
N 
P 
NxP 
 
- 
3.5 
9.01 
0.4 
 
- 
n/s 
*** 
n/s 
 
- 
0.02 
0.17 
0.18 
 
- 
n/s 
n/s 
n/s 
 
  
Calluna vulgaris 
cover 
 
N 
P 
NxP 
 
- 
0.9 
1.7 
0.9 
 
- 
n/s 
n/s 
n/s 
 
- 
0.13 
0.27 
0.33 
 
- 
n/s 
n/s 
n/s 
 
  
Lichen cover  
N 
P 
NxP 
 
- 
0.2 
0.1 
0.1 
 
- 
n/s 
n/s 
n/s 
 
- 
0.00 
0.40 
0.00 
 
- 
n/s 
n/s 
n/s 
 
  
Bryophyte cover   
N 
P 
NxP 
 
- 
1.0 
1.1 
1.2 
 
- 
n/s 
n/s 
n/s 
 
- 
0.39 
0.32 
0.32 
 
- 
n/s 
n/s 
n/s 
 
  
Bare ground  
N 
P 
NxP 
 
- 
1.7 
2.2 
1.8 
 
- 
n/s 
n/s 
n/s 
 
- 
0.39 
0.65 
0.32 
 
- 
n/s 
n/s 
n/s 
 
  
Spring bud burst  
N 
P 
NxP 
 
- 
5.9 
10.7 
61.5 
 
- 
* 
** 
*** 
 
- 
5.4 
66.4 
2.4 
 
- 
* 
*** 
n/s 
 
- 
103.9 
382.5 
79.2 
 
- 
*** 
*** 
*** 
 
Hypnum  
abundance. 
2006 bryophyte  
survey 
N 
P 
NxP   
- 
0.03 
3.06 
2.16 
- 
n/s 
n/s 
n/s 
  
 
Table 3.4: Statistical summary table for ANOVA and GLM analyses of N, P and NxP treatment effects, 
from vegetation survey data collected in the 2005 & 2006 October point quadrat surveys, spring bud 
burst assessments and 2006 bryophyte survey. * P <0.05, ** P <0.01, *** P <0.001. 2005: “N” d.f.N = 
1, d.f.D = 28. “P” d.f.N = 1, d.f.D = 27. “NxP” d.f.N = 1, d.f.D = 26. 2006: “N” d.f.N = 1, d.f.D = 27. “P” 
d.f.N = 1, d.f.D = 26. “NxP” d.f.N = 1, d.f.D = 25. 2007: “N” d.f.N = 1, d.f.D = 26. “P” d.f.N = 1, d.f.D = 25. 
“NxP” d.f.N = 1, d.f.D = 24 
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 GLM Treatment effects 
(2005, 2006, 2007)  with 
Time (year) as a co-factor 
Variable 
 
 F p 
Shoot extension  
n = 59 
 
NxTime 
PxTime 
NxPxTime 
 
 
2.4 
3.2 
4.6 
 
n/s 
n/s 
n/s 
Canopy height 
n = 59 
 
NxTime 
PxTime 
NxPxTime 
 
 
4.1 
2.2 
2.7 
 
n/s 
n/s 
n/s 
Canopy density  
n = 59 
 
NxTime 
PxTime 
NxPxTime 
 
 
3.7 
5.2 
4.3 
 
n/s 
n/s 
n/s 
Flowering 
abundance 
n = 59 
 
NxTime 
PxTime 
NxPxTime 
 
 
4.4 
0.1 
2.0 
 
n/s 
n/s 
n/s 
Calluna 
vulgaris cover 
n = 59 
 
NxTime 
PxTime 
NxPxTime 
 
 
1.1 
0.3 
0.6 
 
n/s 
n/s 
n/s 
Lichen cover 
n = 59 
 
NxTime 
PxTime 
NxPxTime 
 
 
0.1 
0.1 
0.0 
 
n/s 
n/s 
n/s 
Bryophyte 
cover  
n = 59 
 
NxTime 
PxTime 
NxPxTime 
 
 
1.1 
0.3 
0.2 
 
n/s 
n/s 
n/s 
Bare ground 
n = 59 
 
NxTime 
PxTime 
NxPxTime 
 
 
0.01 
0.01 
0.00 
 
n/s 
n/s 
n/s 
Spring bud 
burst 
n = 87 
 
NxTime 
PxTime 
NxPxTime 
 
 
0.6 
1.2 
3.4 
 
n/s 
n/s 
n/s 
 
Table 3.5: Statistical summary table for GLM analyses of N, P and NxP treatment with Time (years) as 
a factor, from vegetation survey data collected in the 2005 & 2006 October point quadrat surveys, 
spring bud burst assessments and 2006 bryophyte survey. * P <0.05, ** P <0.01, *** P <0.001. All 
variables except spring budburst: “N” d.f.N = 2, d.f.D = 56. “P” d.f.N = 1, d.f.D = 55. “NxP” d.f.N = 1, 
d.f.D = 54. Spring Budburst: “N” d.f.N = 2, d.f.D = 84. “P” d.f.N = 1, d.f.D = 83. “NxP” d.f.N = 1, d.f.D = 
82.  
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Fig 3.1: Bar graph plots of October point quadrat survey and spring bud burst assessment treatment 
means: (a) 2005 shoot extension; (b) 2006 shoot extension; (c) 2005 canopy height; (d) 2006 canopy 
height; (e) 2005 canopy density; (f) 2006 canopy density; (g) 2005 bud burst abundances by N & P 
treatment. Statistical significance given for N addition effects where ANOVA analysis indicated a 
significant result. Treatments not sharing the same letter are significantly different from one another (P 
<0.05) using the Tukey HSD test. Error bars indicate +/- 1 s.e. Treatment codes given according to kg 
ha -1 yr -1, e.g. N = 20N; NN = 60N; P = 20P; NP = 20N 20P; NNP = 60N 20P. n = 6 - 5 per treatment 
 
 
 
 
 
 
 
0
10
20
30
40
50
60
70
80
Control N NN P NP NNP
%
 B
ud
 b
ur
st
0
10
20
30
40
50
60
70
80
Control N NN P NP NNP
M
ea
n 
sh
oo
t l
en
gt
h 
(m
m
)
0
10
20
30
40
50
60
Control N NN P NP NNP
M
ea
n 
sh
oo
t l
en
gt
h 
(m
m
)
a b 
0
5
10
15
20
25
Control N NN P NP NNP
M
ea
n 
ca
no
py
 h
ei
gh
t (
cm
)
c 
0
5
10
15
20
25
30
35
Control N NN P NP NNP
M
ea
n 
ca
no
py
 h
ei
gh
t (
cm
)
d 
e 
0
1
1
2
2
3
3
4
4
5
Control N NN P NP NNP
M
ea
n 
ca
no
py
 d
en
si
ty
 
(p
in
 h
its
)
0
1
1
2
2
3
3
4
Control N NN P NP NNP
M
ea
n 
ca
no
py
 d
en
si
ty
 
(p
in
 h
its
)
f 
g 
2006 2005 
2005 
2005 
2005 
2006 
b 
a 
b 
c 
c 
b 
b 
a 
b b 
c 
b 
N x P addition effect: 
P <0.001 
N x P addition effect: 
P <0.01 
a 
b 
c 
d d 
d 
N addition effect: 
P <0.01 
a a a 
ab 
b 
ab 
ab 
ab 
a 
b 
b 
a 
b 
b 
a a a 
c 
b 
a a a a 
a 
 103
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.2: (a) 2006, (b) 2007 bud burst by: (i) N & P treatment (ii) N addition. Statistical significance 
given for N addition effects where ANOVA analysis indicated a significant result. Treatments not 
sharing the same letter are significantly different from one another (P <0.05) using the Tukey HSD test. 
Error bars indicate +/- 1 s.e. Treatment codes given in figure 1. n = 6-5 per treatment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: 2006 bryophyte abundance survey data. Treatment codes given in figure 1. Error bars 
indicate +/- 1 s.d. n = 6-5 per treatment. None of these results were statistically significant. Treatments 
not sharing the same letter are significantly different from one another (P <0.05) using the Tukey HSD 
test 
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3.3.2 Analysis of chemical variables: soil chemistry and enzyme activity 
There were significant effects of P addition found in several of the analyses of soil 
chemistry (Tables 3.4 & 3.5 and Fig. 3.4 & 3.5). The strongest of these was in the 
case of extractable soil P (P <0.001) (Fig. 3.4ci). The results also suggest some weak, 
non-significant responses to N addition in the cases of extractable soil P and foliar 
N:P ratio (Table 3.6 & Table 3.8). A significant combined N and P treatment effect 
existed for soil pH (P <0.05) (Fig 3.4di). Results of the PME activity assay were non-
significant for all treatments, however, these results indicated an increase in PME 
activity in N only treatments and a reduction of PME activity with the addition of P, 
or mixed N and P treatments (Fig. 3.4ai). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2006 n = 29 
Variable Treatment Mean 
 
ANOVA 
effects by 
treatment F p 
Soil PME 
activity (mMol 
p-nitrophenol 
g dry wt-1 hr-1) 
Control 
N 
P 
N+P 
 
1.1 +/- 0.2 
1.1 +/- 0.5 
0.9 +/- 0.2 
0.7 +/- 0.1 
 
 
N 
P 
NxP 
 
- 
0.3 
3.7 
1.2 
 
- 
n/s 
n/s 
n/s 
 
Extractable 
soil N  
(mg kg-1) 
Control 
N 
P 
N+P 
 
2.1 +/- 0.2 
1.5 +/- 0.1 
1.4 +/- 0.4 
1.3 +/- 0.4 
 
 
N 
P 
NxP 
 
- 
0.4 
4.3 
0.8 
 
- 
n/s 
* 
n/s 
 
Extractable 
soil NH4  
(mg kg-1) 
Control 
N 
P 
N+P 
 
1.7 +/- 0.2 
1.2 +/- 0.2 
1.1 +/- 0.4 
1.1 +/- 0.3 
 
 
N 
P 
NxP 
 
- 
0.07 
4.4 
0.9 
 
- 
n/s 
* 
n/s 
 
Extractable 
soil NO3  
(mg kg-1) 
Control 
N 
P 
N+P 
 
0.4 +/- 0.0 
0.3 +/-0.0 
0.3 +/- 0.0 
0.3 +/- 0.0 
 
 
N 
P 
NxP 
 
- 
0.3 
0.3 
0.7 
 
- 
n/s 
n/s 
n/s 
 
Extractable 
soil P  
(mg kg-1) 
Control 
N 
P 
N+P 
 
0.6 +/- 0.2 
4.8 +/- 0.1 
5.7 +/- 1.6 
8.6 +/- 2.0 
 
 
N 
P 
NxP 
 
- 
0.4 
26.6 
0.2 
 
- 
n/s 
*** 
n/s 
 
Soil pH Control 
N 
P 
N+P 
 
4.8 +/- 0.1 
4.5 +/- 0.1 
4.5 +/- 0.0 
4.5 +/- 0.1 
 
 
N 
P 
NxP 
 
- 
0.4 
1.1 
6.6 
 
- 
n/s 
n/s 
* 
 
Table 3.6: Means and ANOVA statistical 
summary from the soil chemistry analyses of 
2006. * P <0.05, *** P <0.001 Control n  = 6, 
N n = 12; P n = 17; N+P n = 11. “N” d.f.N = 1, 
d.f.D = 27. “P” d.f.N = 1, d.f.D = 26. “NxP” d.f.N 
= 1, d.f.D = 25. 
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2007 n = 28 
Variable Treatment Mean 
 
ANOVA 
effects by 
treatment F p 
Soil N  
(mg kg-1) 
Control 
N 
P 
N+P 
 
4946.3  +/- 0.2 
4267.2 +/- 0.1 
5705.8 +/- 0.1 
4986.5 +/- 0.2 
 
 
N 
P 
NxP 
 
- 
0.2 
6.8 
3.2 
 
- 
n/s 
* 
n/s 
 
Soil P  
(mg kg-1) 
Control 
N 
P 
N+P 
 
80.6 +/- 0.05 
148.3 +/- 0.01 
391.4 +/- 0.02 
269.9 +/- 0.04 
 
 
N 
P 
NxP 
 
- 
1.6 
23.3 
0.06 
 
- 
n/s 
*** 
n/s 
 
 
2006 n = 29 
Variable Treatment Mean 
 
ANOVA 
effects by 
treatment F p 
Foliar N (%) Control 
N 
P 
N+P 
 
0.98 +/- 0.03 
0.72+/- 0.02 
0.76+/- 0.05 
0.74+/- 0.05 
 
 
N 
P 
NxP 
 
- 
0.8 
0.4 
0.7 
 
- 
n/s 
n/s 
n/s 
 
Foliar P (%) Control 
N 
P 
N+P 
 
0.11 +/- 0.01 
0.04 +/- 0.00 
0.09 +/- 0.01 
0.06 +/- 0.01 
 
 
N 
P 
NxP 
 
- 
0.9 
83.7 
1.2 
 
- 
n/s 
*** 
n/s 
 
Foliar N:P Control 
N 
P 
N+P 
 
9.0 +/- 2.2 
19.8 +/- 0.7 
8.9 +/- 1.1 
14.4 +/- 0.8 
 
 
N 
P 
NxP 
 
- 
2.3 
122.1 
1.4 
 
- 
n/s 
n/s 
n/s 
 
Table 3.7: Means and ANOVA statistical summary from 
total soil chemistry analysis following the total above-
ground harvest of 2007. * P <0.05, *** P <0.001. Control 
n  = 6, N n = 12; P n = 17; N+P n = 11. “N” d.f.N = 1, d.f.D 
= 26. “P” d.f.N = 1, d.f.D = 25. “NxP” d.f.N = 1, d.f.D = 24 
 
Table 3.8: Means and ANOVA statistical summary from the 
foliar chemistry analyses of 2006. * P <0.05, ** P <0.01, *** 
P <0.001. Control n  = 6, N n = 12; P n = 17; N+P n = 11. : 
“N” d.f.N = 1, d.f.D = 27. “P” d.f.N = 1, d.f.D = 26. “NxP” d.f.N = 
1, d.f.D = 25 
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Fig 3.4: Summary of soil and foliar chemistry means by (i) N&P combined treatment, (ii) N addition: 
(a) May 2006 PME activity; (b) Extractable N; (c) Extractable P; (d) Soil pH. Statistical significance 
given for N addition effects where ANOVA analysis indicated a significant result. Treatment codes 
given according to kg ha -1 yr -1, e.g. N = 20N; NN = 60N; P = 20P; NP = 20N 20P; NNP = 60N 20P. 
Error bars indicate 1 s.e. n = 6 - 5 per treatment. Treatments not sharing the same letter are significantly 
different from one another (P <0.05) using the Tukey HSD test 
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Fig 3.5: Bar graph plots of soil and foliar chemistry means by (i) N&P combined treatment, (ii) N 
addition: (a) Foliar N; (b) Foliar P; (c) Foliar N:P ratio. Treatment codes given according to kg ha -1 yr -
1, e.g. N = 20N; NN = 60N; P = 20P; NP = 20N 20P; NNP = 60N 20P. Error bars indicate 1 s.e. n = 6-5 
per treatment. Treatments not sharing the same letter are significantly different from one another (P 
<0.05) using the Tukey HSD test 
 
3.3.3 Final biomass harvest 
Due to a high degree of variability between replicate cores, none of the treatment 
effects for the biomass harvest was significant (Figures 3.6 & 3.7 and Table 3.9). 
Bryophyte biomass appears to have been reduced by N addition (Fig. 3.7, C (ii)). At 
the time of total biomass harvesting only one bryophyte species remained in any of 
the mesocosms: Hypnum jutlandicum. Two mesocosms in the ‘NNP’ treatment were 
excluded from this analysis due to excessive drought damage. 
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2007 n = 28 
Variable Treatment Mean 
 
ANOVA 
effects by 
treatment F p 
Total biomass in all 
fractions (g) 
Control 
N 
P 
N+P 
 
93.4 +/- 7.8 
85.5 +/- 12.2 
79.8 +/- 9.2 
82.7 +/- 4.7 
 
 
N 
P 
NxP 
 
- 
0.01 
0.32 
0.03 
 
- 
n/s 
n/s 
n/s 
 
Biomass of 
experimental years’ 
growth (current + 1-2 
year old + 2-3 year old) 
Control 
N 
P 
N+P 
 
77.8 +/- 1.6 
76.3 +/- 3.9 
75.1 +/- 2.8 
75.6 +/- 4.3 
 
 
N 
P 
NxP 
 
- 
0.00 
0.01 
0.29 
 
- 
n/s 
n/s 
n/s 
 
Biomass of current 
year’s growth (g) 
Control 
N 
P 
N+P 
 
2.3 +/- 0.5 
2.7 +/- 1.1 
3.4 +/- 0.2 
3.1 +/- 1.3 
 
 
N 
P 
NxP 
 
- 
1.6 
2.3 
0.1 
 
- 
n/s 
n/s 
n/s 
 
Biomass of 1-2 year old 
growth (g) 
Control 
N 
P 
N+P 
 
12.8 +/- 1.4 
12.2 +/- 2.4 
13.2 +/- 1.4 
12.7 +/- 2.4 
 
 
N 
P 
NxP 
 
- 
0.2 
0.1 
0.9 
 
- 
n/s 
n/s 
n/s 
 
Biomass of 2-3 year old 
growth (g) 
Control 
N 
P 
N+P 
 
14.5 +/- 2.1 
17.3 +/- 6.2 
13.9 +/- 4.0 
15.6 +/- 4.4 
 
 
N 
P 
NxP 
 
- 
0.02 
0.27 
0.54 
 
- 
n/s 
n/s 
n/s 
 
Biomass of older (3 
years +) growth (g) 
Control 
N 
P 
N+P 
 
14.0 +/- 1.4 
15.1 +/- 3.1 
18.7 +/- 2.9 
16.9 +/- 6.0 
 
 
N 
P 
NxP 
 
- 
0.3 
1.6 
0.005 
 
- 
n/s 
n/s 
n/s 
 
Biomass of litter (g) Control 
N 
P 
N+P 
 
11.3 +/- 4.1 
12.1 +/- 3.3 
8.0 +/- 1.8 
10.1 +/- 1.1 
 
 
N 
P 
NxP 
 
- 
3.0 
1.4 
0.4 
 
- 
n/s 
n/s 
n/s 
 
Biomass of bryophytes 
(g) 
Control 
N 
P 
N+P 
 
37.6 +/- 10.7 
27.1 +/- 7.0 
22.7 +/- 7.4 
24.9 +/- 4.9 
 
 
N 
P 
NxP 
 
- 
0.2 
0.5 
1.5 
 
- 
n/s 
n/s 
n/s 
 
Biomass of Erica (g) Control 
N 
P 
N+P 
 
3.5 +/- 2.8 
3.5 +/- 1.8 
5.5 +/- 4.7 
4.5 +/- 3.5 
 
 
N 
P 
NxP 
 
- 
0.1 
1.0 
0.5 
 
- 
n/s 
n/s 
n/s 
 
Table 3.9: Statistical summary table for ANOVA analyses of N & P treatment effects on biomass by 
fraction, from the total biomass harvest of 2007. None of these analyses were statistically significant. 
Control n  = 6, N n = 12; P n = 17; N+P n = 11. “N” d.f.N = 1, d.f.D = 26. “P” d.f.N = 1, d.f.D = 25. 
“NxP” d.f.N = 1, d.f.D = 24 
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Fig 3.6: Bar graph plots of g dry wt biomass treatment means by (i) N&P combined treatment, (ii) N 
addition: (a) current year’s growth; (b) 1-2 year old growth; (c) 2-3 year old growth; (d) older growth 
(3 years +). None of these results were statistically significant. Treatment codes given according to kg 
ha -1 yr -1, e.g. N = 20N; NN = 60N; P = 20P; NP = 20N 20P; NNP = 60N 20P. Error bars indicate +/-1 
s.e. n = 6 - 5 per treatment. Treatments not sharing the same letter are significantly different from one 
another (P <0.05) using the Tukey HSD test 
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Fig 3.7: Bar graph plots of g dry wt biomass treatment means by (i) N&P combined treatment, (ii) N 
addition: (a) litter; (b) Erica; (c) bryophyte. None of these results were statistically significant. 
Treatment codes given according to kg ha -1 yr -1, e.g. N = 20N; NN = 60N; P = 20P; NP = 20N 20P; 
NNP = 60N 20P. Error bars indicate +/-1 s.e. n = 6 - 5 per treatment. Treatments not sharing the same 
letter are significantly different from one another (P <0.05) using the Tukey HSD test 
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Fig 3.8: Bar graph plots of g dry wt biomass treatment means by (i) N&P combined treatment, (ii) N 
addition: (a) total biomass from all experimental years (current + 1-2 year old + 2-3 year old); (b) total 
above ground biomass. None of these results were statistically significant. Treatment codes given 
according to kg ha -1 yr -1, e.g. N = 20N; NN = 60N; P = 20P; NP = 20N 20P; NNP = 60N 20P. Error 
bars indicate +/-1 s.e. n = 6 - 5 per treatment. Treatments not sharing the same letter are significantly 
different from one another (P <0.05) using the Tukey HSD test 
 
3.3.4 Final harvest tissue chemistry analysis 
The effects of P fertilisation were significant for most of the tissue chemistry 
variables (Table 3.10). The most significant of these was the tissue N:P ratio in the 1-
2 year old growth (F = 31.3, P <0.001). Tissue N:P ratios were consistently lower in 
treatments receiving P.  
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 N %  N content (mg N) 
Variable 
 
 
Treatment Mean F p Mean F p 
All harvested 
material 
N 
P 
N+P (means) 
NxP (ANOVA) 
0.85 +/- 0.6
0.93 +/- 1.0
0.89 +/- 0.4
 
5.4 
0.01 
- 
0.31 
* 
n/s 
- 
n/s 
768.1 +/- 423.9
751.6 +/- 320.5
759.0 +/- 478.6
 
0.01 
0.54 
- 
0.07 
n/s 
n/s 
- 
n/s 
Current year’s 
growth 
N 
P 
N+P (means) 
NxP (ANOVA) 
0.98 +/- 1.0
0.97 +/- 0.6
0.97 +/- 0.6
 
0.23 
0.02 
- 
0.08 
n/s 
n/s 
- 
n/s 
31.5 +/- 12.3
30.1 +/- 11.7
30.3 +/- 9.0
 
2.23 
0.01 
- 
1.15 
n/s 
n/s 
- 
n/s 
1-2 year old 
growth 
N 
P 
N+P (means) 
NxP (ANOVA) 
0.84 +/- 1.2
0.85 +/- 0.3
0.85 +/- 0.4
 
0.09 
0.002 
- 
0.014 
n/s 
n/s 
- 
n/s 
106.3 +/- 45.1
106.2 +/- 21.0
106.2 +/- 47.6
 
0.23 
0.66 
- 
2.60 
n/s 
n/s 
- 
n/s 
2-3 year old 
growth 
N 
P 
N+P (means) 
NxP (ANOVA) 
0.69 +/- 0.8
0.69 +/- 1.5
0.69 +/- 0.5
 
1.23 
0.15 
- 
0.83 
n/s 
n/s 
- 
n/s 
107.7 +/- 38.9
91.5 +/- 41.5
99.6 +/- 39.5
 
0.23 
0.66 
- 
2.60 
n/s 
n/s 
- 
n/s 
Older growth 
(3 years +) 
N 
P 
N+P (means) 
NxP (ANOVA) 
0.40 +/- 0.8
0.33 +/- 0.5
0.36 +/- 0.3
 
0.61 
1.73 
- 
0.23 
n/s 
n/s 
- 
n/s 
58.6 +/- 20.4
56.1 +/- 34.2
57.3 +/- 14.8
 
0.13 
0.06 
- 
0.01 
n/s 
n/s 
- 
n/s 
Litter N 
P 
N+P (means) 
NxP (ANOVA) 
0.91 +/- 0.5
0.86 +/- 0.5
0.88 +/- 0.5
 
0.83 
1.75 
- 
0.17 
n/s 
n/s 
- 
n/s 
118.3 +/- 64.5
88.3 +/- 29.6
103.3 +/- 51.7
 
5.81 
1.20 
- 
0.39 
* 
n/s 
- 
n/s 
Bryophytes N 
P 
N+P (means) 
NxP (ANOVA) 
0.85 +/- 1.0
0.93 +/- 2.0
0.89 +/- 0.4
 
5.4 
0.4 
- 
1.1 
* 
n/s 
- 
n/s 
256.7 +/- 123.1
175.8 +/- 94.5
216.2 +/- 111.6
 
0.27 
0.48 
- 
0.34 
n/s 
n/s 
- 
n/s 
Erica N 
P 
N+P (means) 
NxP (ANOVA) 
0.65 +/- 1.1
0.65 +/- 2.5
0.65 +/- 0.1
0.52 
0.31 
- 
7.98 
n/s 
n/s 
- 
* 
28.8 +/- 12.6
33.3 +/- 17.4
31.1 +/- 19.9
0.49 
0.06 
- 
1.85 
n/s 
n/s 
- 
n/s 
P % P content (mg N) 
Mean F p Mean F p 
Table 3.10 Statistical summary table for ANOVA analyses of N & P treatment effects on tissue N, P and N:P from the final harvest in 2007, according to the fraction collected. 
n = 28 for the entire experiment in all cases. Control n  = 6, N n = 12; P n = 17; N+P n = 11 * p  <0.05, ** p  <0.01, *** p  <0.001. “N” d.f.N = 1, d.f.D = 26. “P” d.f.N = 1, 
d.f.D = 25. “NxP” d.f.N = 1, d.f.D = 24 
 
0.05 +/- 0.05
0.08 +/- 0.12
0.06 +/- 0.17
 
0.04 
4.68 
- 
0.03 
n/s 
* 
- 
n/s 
34.2 +/- 22.3
63.8 +/- 35.6
49.6 +/- 31.9
 
0.02 
2.50 
0.03 
 
n/s 
n/s 
n/s 
 
0.07 +/- 0.09
0.11 +/- 0.11
0.09 +/- 0.07
 
0.14 
22.9 
- 
0.04 
n/s 
*** 
- 
n/s 
1.89 +/- 1.01
3.74 +/- 1.75
2.79 +/- 2.03
 
0.87 
12.6 
0.07 
 
n/s 
** 
n/s 
 
0.05 +/- 0.12
0.10 +/- 0.19
0.07 +/- 0.07
 
2.4 
29.6 
- 
0.05 
n/s 
*** 
- 
n/s 
6.1 +/- 4.10
13.2 +/- 7.80
8.8 +/- 4.70
  
1.3 
14.8 
0.4 
 
n/s 
** 
n/s 
 
0.04 +/- 0.30
0.08 +/- 0.15
0.06 +/- 0.05
 
0.2 
13.7 
- 
0.3 
n/s 
*** 
- 
n/s 
6.9 +/- 4.80
11.1 +/- 6.21
9.3 +/- 7.43
 
0.11 
6.98 
0.42 
 
n/s 
* 
n/s 
 
0.02 +/- 0.06
0.03 +/- 0.08
0.03 +/-0.04
 
0.01 
2.09 
- 
0.01 
n/s 
n/s 
- 
n/s 
3.0 +/- 2.13
5.6 +/- 3.11
5.0 +/- 3.12
  
0.155 
1.85 
0.01 
 
n/s 
n/s 
n/s 
 
0.05 +/- 0.02
0.07 +/- 0.14
0.06 +/- 0.05
 
1.75 
4.53 
- 
1.83 
n/s 
* 
- 
n/s 
6.0 +/- 3.41
5.6 +/- 3.73
6.0 +/- 3.45
 
2.37 
2.96 
1.11 
 
n/s 
n/s 
n/s 
 
0.05 +/- 0.06
0.08 +/- 0.17
0.06 +/- 0.02
  
3.12 
11.4 
- 
0.03 
n/s 
** 
- 
n/s 
13.5 +/- 7.61
18.1 +/- 9.54
14.9 +/- 8.23
 
1.66 
5.95 
0.76 
 
n/s 
* 
n/s 
 
0.04 +/- 0.17
0.10 +/- 0.26
0.07 +/- 0.05
0.18 
5.73 
- 
0.03 
n/s 
* 
- 
n/s 
1.4 +/- 1.01
5.5 +/- 3.47
3.1 +/- 2.14
0.14 
3.36 
- 
0.26 
n/s 
* 
- 
n/s 
N:P ratio 
Mean F p 
16.7 +/- 4.3
10.2 +/- 5.9
13.4 +/- 2.8
 
0.9 
5.43 
- 
0.10 
n/s 
* 
- 
n/s 
14.0 +/- 3.9
8.9 +/- 4.3
11.5 +/- 3.5
 
0.5 
25.0 
- 
0.02 
n/s 
*** 
- 
n/s 
17.3 +/- 6.7
9.2 +/- 2.4
13.3 +/- 2.4
 
2.2 
31.8 
- 
1.3 
n/s 
*** 
- 
n/s 
17.7 +/- 9.3
9.7 +/- 3.3
13.7 +/-
 
0.56 
29.9 
- 
0.06 
n/s 
*** 
- 
n/s 
15.3 +/- 1.9
9.3 +/- 3.1
12.3 +/- 1.7
 
1.32 
18.0 
- 
2.93 
n/s 
*** 
- 
n/s 
18.3 +/- 2.8
12.3 +/- 3.3
15.3 +/- 3.1
 
4.67 
16.5 
- 
5.65 
* 
*** 
- 
* 
14.8 +/- 2.6
14.3 +/- 11.0
14.5 +/- 2.1
 
0.03 
0.14 
- 
3.60 
n/s 
n/s 
- 
n/s 
19.4 +/- 3.2
8.0 +/- 14.0
13.7 +/- 7.4
0.32 
2.07 
- 
1.22 
n/s 
n/s 
- 
n/s 
Significant effects of N addition were found in the case of the mean tissue N 
concentration for all harvested fractions (P <0.05), and the total N content (N 
concentration x biomass) in litter (P <0.05) (Fig. 3.9b). The results also suggested 
small, but non-significant, increases in N content that were attributable to N addition 
in the current year’s growth, and N:P ratio in the older (3 years +) growth. N addition 
significantly increased the N content of litter (Table 3.10). The interactive effects of N 
and P addition also significantly reduced tissue N concentration in Erica cinerea (P 
<0.05). N content was not significantly affected by N or P addition (or N x P addition) 
in any fraction, except litter (Figs. 3.9b, 3.10, 3.11). The N content of litter was 
significantly increased by N addition (P <0.05). 
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Figure 3.9: Bar graph plots of significant final harvest tissue chemistry analysis means, according to N 
treatment. (a) N concentration of all harvested fractions, (b) Total mg N content in litter. Treatment 
codes given according to kg ha -1 yr -1. Treatments not sharing the same letter are significantly different 
from one another (P <0.05) using the Tukey HSD test. Error bars indicate 1 s.e. n = 12 per treatment 
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Figure 3.10: Bar graph plots of N content (mg N), according to N & P treatment combination. (a) all 
harvested material, (b) current year’s growth, (c) 1-2 year old growth, (d) 2-3 year old growth. 
Treatment codes given according to kg ha -1 yr -1, e.g. N = 20N; NN = 60N; P = 20P; NP = 20N 20P; 
NNP = 60N 20P. None of these comparisons are statistically significant. Error bars indicate +/-1 s.e. n 
= 6 - 5 per treatment. Treatments not sharing the same letter are significantly different from one 
another (P <0.05) using the Tukey HSD test 
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Figure 3.11: Bar graph plots of N content (mg N), according to N & P treatment combination. (a) older growth, 
(b) bryophyte, (c) Erica, 2-3 year old growth, (d) litter. Treatment codes given according to kg ha -1 yr -1, e.g. N 
= 20N; NN = 60N; P = 20P; NP = 20N 20P; NNP = 60N 20P. None of these comparisons are statistically 
significant. Error bars indicate +/-1 s.e. n = 6 - 5 per treatment. Treatments not sharing the same letter are 
significantly different from one another (P <0.05) using the Tukey HSD test
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3.4 Discussion 
 
3.4.1 Vegetation responses 
The significant increase in Calluna productivity with N + P fertilisation suggested 
that Calluna growth in the mesocosms was N-P (co)limited, which is different to the 
previously held viewpoint that these heathland mesocosms were P limited (Rose, 
2004). The greatest mean shoot length, canopy height and canopy density values were 
each found in the mixed low N + P treatment. This change in productivity suggests 
that the cores may have become slightly co-limited by N and P in the later stages of 
the experiment. In the first year of the experiment, the mesocosms’ growth only 
responded to P (Rose 2004). This effect continued throughout 2004 – 2005, however, 
a growth response to N was also detected in the measurement of canopy density by 
Green (2005), which suggests N P (co)limitation may have begun to take place.  
 
The responses to fertilisation in the present study may, however, have been affected 
by two factors that will have altered some canopy characteristics. Firstly, there was 
the effect of droughting, which was severe enough to eventually damage two 
mesocosms to such an extent that they had to be excluded from the experiment. This 
suggests a high level of drought stress that is likely to have impacted on all the 
mesocosms. Secondly, the process of canopy collapse, which was beginning to affect 
all mesocosms by the forth year of the experiment, is likely to have altered 
measurements of canopy height and canopy density. Sampling using a pin quadrat 
frame may have also altered the canopy structure slightly, as it was not possible to 
secure the frame around each mesocosm without it touching the canopy. The analysis 
incorporating Time (years) as a co-variate indicated that, although there were 
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differences in the vegetation between years, these effects were not progressively 
changing in response to fertilisation by N or P. 
 
N addition produced significant increases in spring bud burst during 2005-2007, 
which was also detected by Rose (2004) in 2004, but not by Green (2005) in 2005. 
Spring bud-burst also had a significant interactive relationship with N and P addition 
in 2005 and 2007, similarly this effect was only also detected by Rose in 2004. P 
addition, however, had the strongest statistically significant effect on spring bud burst, 
which had been detected in every year of the study 2003-2007 (Rose, 2004; Green, 
2005). This indicates that added P was consistently the strongest modifier of shoot 
phenology. Similar shoot phenology responses to N addition have been detected at 
Thursley Common, an N limited heathland in southern England (Power et al., 1998b, 
1995); in an N limited Scottish moorland by Werkman and Callaghan (1996); in an N 
limited deciduous North American forest by Aber et al. (1989) and in flowering 
phenology by Henry et al. (1986) in an N limited Canadian tundra community. Shoot 
phenology responses in specifically P limited systems do not appear to have been 
investigated to a great extent by other workers.  
 
3.4.2 Chemical variables 
The results for extractable soil nutrient chemistry were unexpected, as P addition had 
the most significant treatment effect. In the case of extractable P, this was highest in 
the P addition treatments, which suggests that not all added mineral P had been 
biologically immobilised. It was therefore stored in the soil in a mineral and mobile 
form. As the N treated mesocosms were subject to large additions of N, which will 
have exacerbated P limitation, any surplus P may have not been utilised by plants.  
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The effects of N addition on extractable soil P were non-significant, however, they do 
suggest a slight non-significant increase in extractable soil P with increasing N 
addition. It is possible this small increase may be due to enhanced microbial 
mineralisation rates that can occur as a result of elevated N deposition (Morecroft et 
al., 1994). This interpretation is in accordance with the findings presented elsewhere 
in this thesis (Chapts. 4, 5), and by Rowe et al. (2008) and Pilkington et al. (2007) 
that indicate increased P availability may be an outcome of elevated N deposition 
where N is limiting. Extractable N was also reduced by P addition, which suggests P 
fertilisation may have increased demand for N, leading to biological immobilisation. 
The effect of N addition on extractable N was non-significant and the results suggest a 
slight decrease in the availability of N with increasing N load. It is not known why 
this should be the case, although it is possible that the added N may have been 
biologically immobilised or lost from the system, perhaps by microbial activity (e.g. 
denitrification) or leaching. An earlier investigation, however, by Rose (2004) on the 
mesocosms indicated that leaching losses of N and P were negligible. Pilkington et al. 
(2005) suggested that deposited N at Ruabon, an N-P (co)limited moorland system, 
was immobilised in the soil organic layer. 
 
The combined effects of N and P addition produced a significant decrease in the soil 
pH, which is unexpected. It is possible, however, that the lowered pH may have arisen 
from nitrate uptake by plants. Yesmin et al. (1996) observe that this process causes a 
reduction in mobile anions, which lowers soil pH. Alternatively, the nitrification of 
deposited NH4 was also interpreted as a cause for reduction in soil pH by Stutter et al. 
(2004). Yesmin et al. (1996) also note that the changes in litter decomposition rates 
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that may arise from fertilisation can also increase pH. Yesmin et al. (1996) reported 
reductions in soil-derived pH of leachate, following N addition in a mesocosm study. 
 
The results for soil PME activity were non-significant in all cases. This was in part 
due to a large degree of scatter in the data, particularly in the N addition treatments. 
The mean values by treatment (Fig 3.4 a(i)) suggest that an increase in PME activity 
is associated with N addition, whereas there was an apparent suppression of activity in 
the combined N and P treatments. P addition alone did not appear to have any 
discernable effect. Similar work investigating the effects of N deposition on PME 
activity by Phoenix et al. (2003) and Pilkington et al. (2005), have shown very 
significant increases in rates of PME activity.  
 
The effect of N addition on foliar tissue chemistry was non-significant. There was no 
significant effect of N addition on foliar N, foliar P or N:P ratios. Foliar N:P ratios 
were, however, strongly reduced by P addition in all P addition treatments. The 
investigation by Carroll et al. (1999) on a P limited moorland found that N:P ratios 
were greatly increased (from 16:1 to 23:1) as a result of N addition (NH4NO3) at 120 
kg N ha-1 yr-1. The findings of the present study are not in accordance with the 
findings of Power et al. (2004), who also recorded a significant increase in foliar N 
with N addition in a multiple site field-scale trial. However, this response was only 
strongly detected when inputs occurred at rates of above 60 kg ha-1 yr-1, which are 
greater than the present study. Lower levels of N addition (0 – 15.4 kg N ha-1 yr-1), 
however, were used in the N limited Thursley manipulation experiment by Power et 
al. (1998), at this level increases in foliar N were found (at rates of N addition that 
were lower than the present study) However, it should be noted that the Thursley 
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study used a different form of N fertilising compound (NH4 SO4 at Thursley versus 
NH4 NO3 in the mesocosms), which was acidifying and this may have confounded 
some responses. Further work at Thursley by Green (2005) indicated that N:P ratios 
increased with N deposition at rates of 30 kg N ha-1 yr-1. Acidic grassland, thought to 
be close to P limitation, at Pwllpeiran in North Wales revealed increases in bryophyte 
tissue N:P ratio with experimental N addition (NH4NO3) at 10 – 20 kg N ha-1 yr-1 
(Emmett et al., 2001). The N:P ratios of vascular plants were not altered, however, 
which is similar to the findings of the present study. As noted by Gusewell (2004), the 
foliar N response to N deposition may be plastic in nature at relatively low deposition 
rates.  
 
Any surplus N in the mesocosms was hypothesised to be taken up in luxury foliar 
consumption, which would be expressed by increased foliar N concentrations and 
higher foliar N:P ratios. If this process had occurred, the foliar N concentration in N 
addition treatments would have been increased significantly above the control 
treatment level. Foliar N:P ratios would also have been significantly higher in N 
addition only treatments. Because N addition did not have a significant effect on foliar 
N:P ratios or foliar N, these surplus N inputs may, therefore, have remained in the 
soil, or may have been lost from the system by an undetermined pathway. It is also 
possible that physiological processes within Calluna have moderated tissue nutrient 
concentrations due to within-plant translocation of nutrients. In her review of 2004, 
Gusewell appraised the value of foliar N:P ratios as a response variable in relation to 
nutrient availability and N deposition. Most notably, the author observes that the 
response of N:P ratios is thought to vary considerably between species and individual 
plants, even when growing under similar conditions of nutrient limitation. N:P ratios 
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are also only thought to be reliably indicate nutrient limitation when this is at an 
extreme level. With this in consideration, it may be that foliar N:P ratios of the 
present study were simply not affected by a moderate level of nutrient limitation in 
the experiment. This moderate level of nutrient limitation was suggested by N:P ratios 
that were all within a relatively moderate range (>10 - <20). In an N manipulation 
study (NH4NO3) at Ruabon moor by Carroll et al. (1999), foliar N:P ratios were raised 
from 16:1 in the control plots to 23:1 in the 120 kg N ha-1  yr-1  plots. The Ruabon 
response has occurred around the moderate 10-20 N:P ratio range that was suggested 
by Gusewell (2004), however, this effect has only been shown in response to very 
high doses of N that were twice the highest level of N addition used by the present 
study. A survey by Kirkham (2001), however, found significant links between 
moderate (background) levels of N deposition and tissue N:P ratios at around this 
moderate 10-20 N:P ratio range. The author analysed material from moorlands in 
England and Wales and concluded that N:P ratios in the majority of Calluna 
dominated moorlands suggested extensive P limitation had arisen as a result of N 
deposition.  
 
3.4.3 Final total biomass harvest 
It was unexpected that none of the biomass values were significantly influenced by 
any fertilisation treatment. Fertilisation by the limiting nutrient was expected to have 
produced a significant increase in biomass. Furthermore, increases in shoot growth 
rates that were attributable to P addition had been recorded in previous years (Table 
3.1). The lack of significance in the biomass results may have been attributed to a 
high degree of scatter in these data, which could have arisen due to the previously 
discussed effects of droughting. Owing to the inherent constrictions on root growth 
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due to the mesocosm containers it was considered that, particularly in their last year 
of growth, their roots were rapidly becoming pot-bound. This will have increased the 
significance of water as a factor limiting the growth of the mesocosms. The vegetation 
was also beginning to collapse over the sides of the containers. These combined 
observations indicate that more stressful conditions had arose toward the end of the 
experiment, resulting in a general decline in vitality, which could explain the lack of 
evident response to nutrients. Canopy collapse is likely to have promoted edge effects, 
leading to a relative lack of insulation from air temperature fluctuations. This is likely 
to have altered the micro-climate, causing more rapid rates of shoot transpiration. The 
combined effects of root constriction and canopy collapse are likely to have increased 
the overall stress levels of the mesocosms, limiting all growth responses, especially 
towards the end of this experiment immediately prior to harvesting.  
 
A number of other investigators have investigated the effects of N deposition on 
biomass accumulation. In a P limited calcareous grassland, Carroll et al. (2003) found 
no increase in vegetation biomass with N addition, which is similar to the response in 
the present study. Power et al. (2004) also found limited increases in heathland 
biomass in a combined site study. It was thought that this was due to variations in 
climate and soil type at different sites and, in particular, the nature of nutrient 
limitation. Individual N limited sites, however, reported significant increases in 
productivity (Power et al., 2004). Applications of N at rates of over 100 kg ha-1 yr-1 
were not found to yield significantly greater rates of productivity than those treated at 
much lower levels. This lack of further response to N addition is possibly due to P 
limitation that is likely to occur at high levels of N application. Initial findings from 
the Ruabon moorland N manipulation study (NH4NO3) by Caporn et al. (1995b) 
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found initially increased productivity effects (on shoot growth rates and canopy 
height) which were then lost in subsequent years (Carroll et al., 1999). This was 
attributed to the increasing P limitation thought to be arising from N inputs at rates of 
40 -120 kg N ha-1 yr-1. In a productivity study, Venterink et al. (2003) note that P 
(co)-limitation in heaths is generally associated with low levels of biomass 
production, despite experimental manipulation of other nutrient inputs, this 
observation may explain why final biomass in the present study was not significantly 
affected by either N or P fertilisation.  
 
In most fractions, the effect of N addition alone on biomass was negligible. The 
increase in litter biomass may have arisen due to increased leaf fall in this treatment, 
which would be a likely response to droughting effects. This may relate to 
physiological stress induced by luxury consumption of N, which is similar to that 
detected by Caporn et al. (2000) in an N manipulation experiment on N-P (co)-limited 
moorland. It is also conceivable that litter decay rates may have been suppressed by 
low litter C:N ratios. 
 
Bryophyte biomass was slightly diminished by N addition, particularly at the higher 
dosage level (NN = 21.5g, control = 37.6g). This result agrees with the findings of 
Limpens et al. (2003a,b), Heijmans et al. (2001) and Paulissen et al. (2004), who each 
observed a reduction in bryophyte biomass at similar levels of mesocosm N 
application. It was thought this had arisen from a combination of increased light 
interception by faster growing vascular plants with N fertilization, and NH4 toxicity. 
An investigation by van den Berg et al. (2005) suggested that a transient response to 
N in the above-ground biomass of vegetation in N limited mesocosms was dependent 
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on the vegetation type. Grasses increased in biomass, whereas herbaceous species 
showed a reduction. It was thought that the herbaceous species had declined due to 
increased competition for light with grasses. In a fertilisation-competition experiment, 
Aerts & Berendse (1988) also showed a small reduction in the cover and biomass of 
Erica tetralix when N was added. 
 
Fertilization by P produced limited and non-significant increases in the biomass of: 
current year’s growth, and Erica cinerea. This effect is opposite to the results of a 
similar N and P fertilisation treatment study by Roems et al. (2002), which showed 
the lowest overall cover of Erica tetralix in P treatments. Similarly, the study by Aerts 
& Berendse (1988), showed that E. tetralix cover and biomass decreased with P 
addition, at rates of application that were similar to those used by the present study. 
This response was thought to occur due to increased competition for light with 
Molinia caerulea, which had flourished where P was added. In the present study, 
competitive interactions between Calluna and Erica could have produced a similar 
effect, however, the increases in Erica biomass appear to have taken place alongside 
(limited) increases in Calluna biomass in response to P. Bryophyte biomass, however, 
appears to have been effectively reduced by P addition, possibly as result of increased 
competition for light with Calluna and Erica which had grown faster due to 
fertilisation by P.  
 
The present study also found increased Calluna shoot growth rates in the P fertilised 
mesocosms throughout most of the experiment. This will have placed extra demands 
on their water budget, which may have detrimentally affected their overall 
productivity in the long-term. This will have had a particular impact on bryophyte 
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productivity especially, which is known to be very dependent on an adequate supply 
of water (Dilks & Proctor, 1979). The bryophyte decline in response to P of the 
present study is not in accordance with that found by Pilkington et al. (2007) who 
experimented on an N-P (co)-limited moorland. The authors found that P addition 
increased bryophyte cover.  
 
3.4.4 Total harvest tissue chemistry 
The legacy of 3 years’ N deposition was only significantly detectable in the total 
mean N concentration of all above ground fractions, and bryophyte tissue. There was 
also a significant increase in the litter N content. These results demonstrate that 
deposited N had accumulated within these systems, although this had only occurred in 
a limited way. The increase in litter N content indicates that surplus N could have 
been initially taken up by the stems, shoots and flowers that were eventually shed by 
the 2-3 year old sections of Calluna (Gimingham, 1972), however, this effect could 
also be due to direct absorbtion of N during spray treatments. It is also possible that 
some increased litter N content arose as a result of increased damage from insect 
herbivory, which may have been enhanced by N fertilisation (Mattson, 1980), but 
such an effect was not observed directly during the experiment.  
 
It was unexpected that a significant relationship was not found between N deposition 
and the tissue chemistry of different aged fractions of Calluna, Erica tissue and 
bryophyte tissue. There are very few discernable trends in the data, with many of 
these showing no effect at all. The older woody sections of Calluna plants are thought 
to have a lower nutrient concentration than younger, more active parts 
(Gimingham,1972) and this is also confirmed by the results of the present study for 
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the 2-3 year old growth fraction (and the older (>3 years) fraction) (Table 3.8). Owing 
to the lower overall nutrient concentration of these woody sections of the plant, it is 
likely that their responsiveness to changes in nutrient dynamics is also relatively low, 
which may explain a lack of significant N addition effects in these aged-sections. In 
younger parts of the plant, however, it is possible that a translocation of surplus 
nutrients has occurred, which may have led to N being stored in the roots. Gusewell 
(2004) records that the nutrient concentration of the younger shoots of plants, 
including Calluna, is a dynamic variable which is dependent on the translocation of 
nutrients from other parts of the plant, particularly from senescing leaves. Lipson et 
al. (1996) also note that surplus N, stored in the rhizome of an oligotrophic alpine 
herb Bistorta bistortoides is only be used for shoot growth when this resource is 
needed. Additionally, Calluna is thought to use litter as a storage compartment for 
shedding and immobilising excess nutrients (Chapman et al. 1975). This last point 
may explain the significant positive response between litter N content and N 
deposition in the present study.  
 
Processes of nutrient translocation that have been considered expose the potentially 
dynamic nature of nutrient flows within plants, particularly under situations of 
nutrient limitation stress. These physiological responses to nutrient limitation may 
explain the lack of apparent trends in the data set when they are examined as separate 
growth fractions. When these are analysed as a whole (‘all harvested material’, Table 
8), however, the combined effect of deposited N on the N concentration of all above 
ground material becomes significant. 
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Given the lack of relationships between N deposition and other chemical variables, 
including those presented for soil, it may be that excess N was lost from the system, 
perhaps via a leaching route. Some of the deposited N (3.5 – 14 g N m-2  yr-1) in a P 
limited grassland manipulation study by Phoenix et al. (2003b) was found to be lost 
via leaching. Madritch & Hunter (2002) also found increased loss of mineral N with 
N addition (15 – 30 kg N ha-1 yr-1) in their deciduous forest soil and litter mesocosm 
experiment. However, in a N manipulation experiment (NH4NO3) of an N limited 
moor in Ruabon by Pilkington (2005) N leaching losses were thought to be low, at 
deposition levels below 96 kg N ha-1 yr-1. Retention of N under conditions of 
increasing N saturation is thought to be conditional on the relative capacity of cation 
exchange sites in the soil organic layer to facilitate this (Gundersen & Rasmussen, 
1995). In a field-scale N deposition experiment using NH4 SO4 as an N source (7.7 – 
15.4 kg N ha-1  yr-1) on a N limited heathland, Power et al. (1998) found minimal 
leaching losses, which implied N inputs were being stored in the soil. In a three year P 
limited wet heathland N and P manipulation experiment Aerts & Berendse (1988) did 
not find a significant increase in foliar N in Erica tetralix, which was fertilised with N 
to similar levels to the present study.  
 
All the harvest fractions showed a significant effect of P addition that increased tissue 
P. The effect of this increase was significant in most cases. This result was an 
expected effect of P fertilisation, as other studies have also shown similar results. 
Gusewell (2003) showed that the addition of P to P (co)-limited dune and fen areas 
slightly increased tissue P (and reduced N:P ratios). Aerts & Berendse (1998) also 
found increased tissue P (and reduced N:P ratios) in a wet heathland that was 
fertilised with P.  
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3.5 Conclusions 
N deposition to P, or N-P (co)-limited heathland systems has the potential to alter 
Calluna phenology, stimulating an earlier spring bud burst. N deposition at rates of up 
to 60 kg ha-1 yr-1 are unlikely to significantly alter tissue N:P ratios, or biomass 
accumulation of vascular heathland plants growing under N-P (co)limited conditions. 
There is some evidence, however, to suggest that bryophytes may be detrimentally 
affected by N deposition. Under an N- P (co)-limited nutrient scenario, it is thought 
that (most) deposited N is surplus to biological requirements. Hence, it is not 
necessarily incorporated into vegetative growth, or assimilated by microbiota. The 
most likely pathway for deposited N is therefore into the soil, where it may be 
eventually lost to leaching below the rooting zone. This paper provides an explanation 
as to why some Calluna dominated heathlands, historically considered to be P or N-P 
(co) limited, have remained relatively unchanged following several decades of 
enhanced levels of N deposition.  
 
Given a longer experimental time-scale it may be possible, however, that significant 
changes in the vegetation attributable to N would have occurred. Furthermore, the 
effects of intra-specific competition with graminoids was not investigated as part of 
this study. Given that graminoid invasion is considered to be a primary factor in the 
loss of characteristic heathland vegetation, following shifts towards P-limitation 
(Gusewell, 2004), it may be worthwhile to extend the research into the effects of P 
limitation on inter-species competitive dynamics. P availability has also been 
identified by Manning et al. (2005) and Mitchell (1997) as a key component 
modifying the risk of heathland invasion by Betula spp., particularly during the 
degenerate later stage of the Calluna life-cycle. Modifying P availability, alongside 
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other factors such as N inputs and time since management (or management intensity), 
may prove beneficial in order to understand the processes behind the competitive 
shifts that take place in some heathlands subject to changes in relative nutrient 
availability. 
 128
Chapter 4 
 
Investigating the effects of Calluna 
growth phase on indicator responses 
to N deposition and soil - plant 
relationships 
 
 
4.1. Introduction 
N deposition is considered a significant driver of changes in heathland plant 
communities (Roelofs, 1986). The eutrophication of lowland heaths in the 
Netherlands is thought to have been a cause of the transitionary losses of dominant 
Calluna heath to grass heath over the last 20 years (Heil & Deimont, 1983; Aerts & 
Berendse, 1988). Although this process has not taken place as profoundly in the UK, 
N eutrophication remains an important factor in the potential loss of characteristic 
Calluna dominated lowland heathland (Marrs, 1993, Marrs & Britton, 2000, Pitcairn 
& Fowler, 1995). It is considered that inappropriate management has been the primary 
cause of heathland decline in the UK. Despite the currently limited extent of changes 
to UK heaths, N inputs have ongoing potential to affect UK heathlands for many 
decades, as elevated levels may remain in vegetation, litter and soil (Carroll et al., 
1999, Pilkington et al., 2005b, Power et al., 2006).  
 
4.1.1.1 The N deposition climate 
Although European-wide emissions of NOx and NH3 have been reduced over the last 
10 years, there may be considerable uncertainty in quantifying this, particularly with 
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NH3 emissions (Erisman et al., 2003). Even if consistent reductions in oxidised and 
reduced N deposition take place over the next decade, there is compelling evidence to 
suggest that the legacy of N deposition effects will persist in vegetation for decades to 
come (Gundersen et al., 1998; Power et al., 2006). It is not well understood at present 
how effective management (by burning, sod-cutting or mowing) may be as nutrient 
export vectors to ameliorate these effects (Hardtle et al., 2006; Neimeyer et al., 2005). 
A number of studies have indicated that high intensities of management, such as 
burning or sod-cutting, are the most effective means of exporting N, which may 
reduce some of the effects on vegetation (Barker et al., 2005; Niemeyer et al., 2005; 
Hardtle et al., 2006; Power et al., 2001; Marrs & Britton, 2000). Unfortunately, it is 
not always practical to apply these highly intensive managements at every site. For 
the most part, lowland heathland management in the UK is undertaken using low 
intensity methods, such as cattle grazing (Edwards et al., 2003) or more usually 
mowing. The efficacy of such methods may be limited, however, depending on: (1) 
rates of N inputs, (2) the time between managements and (3) levels of macronutrient 
availability.  
 
4.1.1.2 Macronutrient availability 
Macronutrient availability is defined as the mobile fraction of nutrients that is 
available for plant uptake (Thompson & Troeh, 1972). Generally, plant available 
nutrients are those in soil solution. Macronutrient availability is inherently variable, as 
it may be significantly modified by vegetation and the biochemical transformations 
that are constantly taking place within soil. It is also highly dependent upon the 
chemical characteristics of soil and the nature of the underlying geology (White, 
1997). With regard to UK heathlands, there is currently a lack of understanding about 
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how macronutrient availability varies on a regional scale, particularly with regard to 
the effects of geology and soil type. As the availability of other nutrients may interact 
with the eutrophic effects of N inputs, the potential exists for significant (and 
currently unclear) modifications of expected responses to N deposition. After N, the 
most important macronutrient is phosphorus (P) (Wild, 1993). If P is in short supply, 
growth may become P limited. Gusewell (2004) observed that N deposition may drive 
previously N (co-)limited vegetation towards a state of P limitation. This may 
encourage plants (particularly Calluna, with its mycorrhizal associations) to channel 
extra resources into scavenging P (Gusewell, 2004). An initial increase in growth 
rates may be expected from this, however, this would only continue until soil 
resources for supplying P are exhausted. The capacity of soil to supply P, therefore, 
defines the limits of any potential increases in productivity that may occur as a result 
of N inputs. A number of interacting factors may influence the rate at which this 
capacity is reached, including the rate of N loading, the nature of vegetation, geology, 
soil type, nutrient turnover rates.  
 
Total soil nutrient levels may also be influenced by geology and soil composition 
(Thompson & Troeh, 1972). For example, soils based on chalk geology typically hold 
more P than other soils (White, 1997). Moreover, these geological and soil 
characteristics may also affect the mobility of nutrients, particularly P. Phosphate ions 
can be rapidly immobilised by soil, particularly where they are adsorped to fine soil 
particles, such as clay which has a high charge density (Thompson & Troeh, 1972). 
The capacity of soil to bind with P is known as its phosphorus sorption capacity 
(PSC). The adsorption process may also take place readily when iron and aluminium 
oxides are present, at a low pH that is typical of heathland soils (Manning et al., 
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2005). A high phosphorus adsorption capacity (PSC) of heathland soils is believed to 
be a key determinant of the risk of scrub invasion and loss of characteristic Calluna 
dominated vegetation (Chapman et al., 1989, Manning et al., 2005). The mobility of P 
not only affects its rate of loss to leaching, but also its availability for plant uptake. As 
P availability is such a significant modifier of the risk of scrub invasion following 
nutrient accumulation, it is also likely to play a significant part in vegetation changes 
due to N deposition. Given the limits in current knowledge, it is worthwhile to 
investigate how this varies at a range of UK heaths.  
 
4.1.1.3 The effects of management 
The period between management cycles may affect the severity of N deposition 
effects. Primarily, this may occur because regular management regimes have the 
potential to export quantities of N, so longer periods between managements will 
therefore allow N to accumulate. However, as stand age is also a direct function of the 
time between managements, the period between management cycles affects 
vegetation age structure, which may alter its responsiveness to N deposition. As 
Gimingham (1972) describes, Calluna passes through four clearly defined growth 
phases during its life-cycle. These are characterised by changes in the overall form of 
the plant, the degree of branching and the vigour of growth. For example, when re-
establishing, young Calluna grows rapidly during a so-called ‘pioneer’ phase. It is 
postulated that this phase is likely to have the greater demand for nutrients (per unit 
biomass) than any other (Gimingham, 1972), which suggests that pioneer phase 
Calluna may be more sensitive to nutrient availability (and N deposition) than more 
mature plants. As Calluna stands mature, however, nutrients accumulate in litter and 
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soil. This, combined with the slower growth rates of mature phase plants (20 – 25 
years), reduces their overall demand for nutrients.  
 
There has been little research to date on specifically how Calluna phase (or time since 
management) alters responses to N deposition. Much of the field survey work on N 
deposition effects has been carried out on either building (15-20 years old) 
(Edmonson, 2007) or mature (>20 years) (Pitcairn & Fowler, 1995; Rowe et al., 
2008) phase Calluna.  
 
4.1.1.4 Bioindicators: foliar chemistry 
A number of studies have indicated that concentrations of nutrients in foliar tissue are 
affected by N deposition (Pitcairn & Fowler, 1995; Pitcairn et al., 2002, 2003; Hicks 
et al., 2000 Rowe et al., 2008). Hence foliar N may be a suitable bioindicator of N 
deposition effects. However, foliar concentrations of other nutrients (particularly P) 
may also be affected by (the relationship with) N deposition and increased 
bioavailability of those nutrients (Rowe et al., 2008). The foliar N: P tissue ratio 
hypothesis as proposed by Koerselman & Meuleman (1996) is a tool that may be used 
for detecting nutrient limitations attributable to enhanced nutrient loading (Gusewell, 
2004). This phenomenon has been reliably demonstrated in manipulation experiments 
(e.g Carroll et al., 1999; Kjonaas et al., 1998; Emmett et al., 2001). High foliar N: P 
ratios are considered by Koerselman & Meuleman (1996) to be indicative of a surplus 
supply of N, which may be as a result of N deposition. N: P ratios > 16 may be 
indicative of vegetation that is P limited. No productivity increase will occur if 
additional N is applied (Koerselman & Meuleman, 1996). It has been suggested, 
however, that due to the capacity of plants to translocate nutrients when needed from 
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the roots or aerial parts of the plant, the foliar N:P ratio may be a less robust indicator 
of nutrient limitation than has been originally proposed (Gusewell, 2004). Testing the 
N: P ratio hypothesis in the field may, therefore, validate its use as a bioassay for N 
deposition. 
 
4.1.1.5 Bioindicators: phosphatase activity 
Assays of phosphomonoesterase (PME) activity have been used by Johnson et al. 
(1998), Phoenix et al. (2003) and Pilkington et al. (2005a) to examine the effect of N 
inputs on this soil enzyme. PME is secreted by plant roots and microbes, and is 
responsible for mineralisation of organic P stores to make PO4 available for biological 
uptake. N loading is thought to increase overall biological demand for P, which 
thereby increases rates of PME activity.  
 
4.1.1.6 The interaction between vegetation age and N deposition (on nutrient 
accumulation) 
 
Total concentrations of soil nutrients are thought to broadly influence overall nutrient 
availability (Thompson & Troeh, 1973). Total concentrations of soil N (and P in 
certain soils) are also considered to be affected by N deposition (Barker, 2001) and 
could serve as potential N deposition indicators. In the case of total soil N, previous 
investigations have suggested a positive relationship with N deposition (Green, 2005; 
Rowe et al., 2008; Magill et al., 1997; Pilkington et al., 2005b). There has been very 
little research on the effects of N deposition on the total concentrations of other soil 
nutrients. Work on the NITREX forest experiments has indicated that increased rates 
of cation leaching can occur as a result of deposition, resulting in lower 
concentrations of these nutrients in the soil (Kjonaas et al., 1998). 
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Gimingham (1972) and Chapman (1980) have indicated that as Calluna stands 
mature, nutrients accumulate in the litter and soil beneath them. The litter that 
Calluna sheds from the canopy as it grows contains phenolic compounds which 
initially resist decomposition and slow rates of nutrient mineralisation (Jalal & Read, 
1983). This adaptation, while reducing nutrient mobility in the short term, also 
increases the efficiency of long-term litter-nutrient accumulation, which may be a 
problem in older Calluna stands. Eventually, however, a large potential store of 
nutrients exists that may be released into the soil when the litter eventually 
decomposes. Gimingham (1972) and Chapman (1980) suggest that soil nutrients and 
litter depths are highest under mature-degenerate phase stands.  
 
Chapman (1989) suggests that organic matter accumulation is an indicator of the ratio 
of nutrient supply : biological demand. Where nutrients are retained by soil (i.e. not 
lost to leaching) and demand is also low, organic matter will accumulate more 
rapidly. Rates of Calluna litter accumulation have also been found to increase with N 
deposition (Power et al., 1998a; Lee et al., 2000; Carroll et al., 1999) (and litter 
decomposition rates may also be suppressed by reduced C:N ratios). Higher levels of 
litter accumulation are, therefore, likely to arise in mature phase stands with high 
levels of N deposition that are based on soil types that retain nutrients (e.g. with high 
PSC, such as clay) and developed from underlying geologies that are able to supply 
nutrients (e.g. chalk).  
 
4.1.2 Experimental aims 
The aim of the investigation was to evaluate how responses of heathland to N 
deposition in the UK vary according to stand age and macronutrient availability, by 
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examining vegetation and soil biochemical parameters, and measurements of 
vegetation characteristics in the field. The effects of stand age, soil type and geology 
were also examined individually to ascertain how strongly these environmental 
variables affected vegetation parameters. 
 
4.1.3 Hypotheses 
It was hypothesised that: 
(1)  The N deposition would affect Calluna leaf tissue nutrient concentrations, soil 
chemistry and biochemistry. 
(2)  Owing to faster growth rates (and therefore greater nutrient demands), pioneer 
phase tissue nutrient chemistry would be most strongly affected by N deposition, soil 
type and geology; mature stands would be the least responsive to the effects of N, soil 
type and geology.  
(3) Soil PME activity would be positively correlated with N deposition rates. 
(4)  Organic matter accumulation would be increased by N deposition, due to greater 
rates of biomass production.  
 (6) Total soil N and P within a 0-5cm depth range would also be affected by stand 
age. The accumulation of these is an expected result of the relatively longer period of 
litter deposition under mature Calluna plants (Gimingham, 1972). It was proposed, 
therefore, that mature phase stands would have a higher concentration of soil N and P 
and that organic matter accumulation (represented by litter depth and SOM) would 
also be highest under mature phase Calluna.  
(7) P availability would vary according to soil type and geology 
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4.2 Methods 
4.2.2.1 Field survey 
Thirty three sites of lowland heath in southern England (Fig. 4.1) were selected 
according to information available in the literature, and soil and geology maps 
(Chapman et al., 1989; Marrs & Britton, 2000; Soil Survey of England & Wales, 
1985; British Geological Survey, 2006). The sites were chosen to maximise the range 
of potential nutrient availability, and the geographical coverage of the survey. The 
study also chose sites that were across a wide N deposition gradient (7.2 – 24.5 kg ha-
1 yr-1). The survey was conducted during the two week period of 21st July – 5th August 
2005. This sampling window was chosen to limit variations in nutrient levels that may 
arise from the growth of Calluna during the survey. At each site, areas of pioneer, 
building and mature phase Calluna were located if present. Calluna dominated areas 
were used in each case to ensure sampling areas were as constant between sites as 
possible.  
 
Gimingham (1972) gives a detailed description of Calluna phases. Rather than being 
specifically the product of vegetation height, these are defined by qualitative features 
such as growth form and branching structure.  
 
(1) Pioneer phase vegetation is characterised by plants that are up to 20cm in height 
and of a ‘trim pyramidal shape’, with an undeveloped branch structure. There is little 
differentiation between the long shoots that comprise the current year’s growth and 
the short shoots that grow from older sections of the plant. (2) The building phase is 
distinguished by plants that are up to 70cm in height with bright green shoots that 
have highly differentiated branch structure, with a closed canopy and a dome shaped 
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habit. (3) Mature phase are those plants with thick woody stems and the initial stages 
of canopy collapse. Because of this last feature, canopy height in this phase may be 
quite variable.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Location of the 33 lowland heath survey sites in southern England 
 
4.2.2.2 Sample collection 
Measurements were made of litter depth (n =15) and canopy height (n = 15) from 
randomised grid co-ordinates from within the 25m x 25m collection area of each 
phase. This collection area was placed so as to be as close as possible to the 
approximate centre of each selected patch of vegetation within the heathland. Soil and 
leaf tissue were collected at five points from each of the sampling areas using 
randomised co-ordinates. An aggregate of n >30 samples was collected at each of 
these points using a 3cm Ø soil auger to 0-5cm depth with the litter layer removed. 
Leaf material was collected by a similar sampling strategy. Approximately 100g of 
the current year’s growth was collected as an aggregate. The auger used in sample 
collection was cleaned with acetone between each sampling location to prevent cross-
contamination of material.  
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4.2.2.3 Sample collection and laboratory analysis 
The following techniques for sample preparation, laboratory analysis and quality 
control procedures for total soil or foliar N and P, and PME activity were identical to 
those described in more detail in 2.2.2. 
 
All samples were refrigerated and stored in zip-lock bags for transit back to the 
laboratory. Refrigerated soil samples were sieved (<2mm), then soil and litter were 
dried at 80°C for 24hrs. A fraction of the undried material was retained for use in the 
biochemical assays that were to be carried out at field moisture levels. These were 
undertaken as quickly as possible after sample collection, typically within a 72 hour 
timeframe. The moisture content of each sample was assessed by overnight drying 
and re-weighing of a sub-set of these samples. Values from assays undertaken on 
fresh samples could then be expressed per unit of dry soil mass. Dried leaf and soil 
samples were given a three minute ball-milling treatment (Glen Creston, England), 
which homogenised them to a fine powder.  
 
4.2.2.4 pH measurements 
The pH of each soil sample was measured using a 1:2 w/w suspension of fresh soil : 
distilled water and a pH meter (Mettler Toledo, Switzerland), as described by Allen 
(1974). These procedures followed exactly those given in Chapter 2. 15g of soil was 
mixed with 30ml of distilled water and shaken for 30 minutes. The pH meter was 
calibrated from two solutions of known pH (pH 4 and 7) at room temperature. After 
the soil - water sample solutions had settled pH was measured from each sample by 
the meter. 
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4.2.2.5 Soil organic matter 
Soil organic matter (SOM) was assessed by combustion of air dried soil (> 48 hrs @ 
80 ºC) to ash at 400 ºC for 8hrs according to the method of Allen (1974). The weight 
difference of samples before and after combustion gives the total organic matter 
content. This value is typically expressed as a percentage of the original sample 
weight.  
 
4.2.2.6 Total N & P analysis 
Leaf and soil samples were digested by Kjeldahl (3ml H2SO4 + Se catalyst) digest at 
400 C for 2 or 3 hours respectively according to the method of Allen (1974). The 
procedures and method of analysis follows exactly that given in 2.2.2. Certified 
reference materials for soil and foliar material were analysed by the same method to 
quantify the level of accuracy (Table 4.1). 
 ‘Forest soil, Austria’  
Soil Analytical Exchange, 
Wageningen University 
NCS D73349  
‘Bush, branch and leaves’  
LGC (Teddington, London) 
 Total soil P Total soil N Foliar P Foliar N 
Recovered value 
range (mg kg -1) 743.6 - 762.1 6893 - 6964 901.6 - 945.3 13789 - 14232 
Certified value  
(mg kg -1) 825 7260 1000 
+/- 40 15000 +/- 300 
Recovered 
Percentile 90.1 - 92.3 94.9 - 95.9 90.1 - 94.5 91.9 - 94.9 
 
Table 4.1: Standard reference material recovery values obtained via Kjeldahl analysis 
 
4.2.2.7 Plant available N & P 
Plant-available N was assessed using the potassium chloride (KCl) extraction 
technique given in Allen (1974). The extraction was performed on 20g of sieved 
(<2mm), homogenised, fresh soil at field moisture, using 100ml of 1M KCl. This 
mixture was agitated for 2 hrs using a rotary shaker, and then filtered by Whatman 
No. 1 paper to remove all soil from the solution. The concentrations of NH4 and NO3- 
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/ NO2- obtained from the subsequent Skalar analysis were combined, to give a total 
value for extractable N.  
 
Plant available P was assessed in soils using the Truog’s extraction technique outlined 
by Allen (1974). The method was similar in principal to the N extraction method 
outlined above. 40g of sieved, homogenised soil at field moisture was added to 100ml 
of 0.001M H2SO4 at pH 3 (Truog’s solution) and shaken for 40 minutes. Soil was 
removed by filtration and the extract analysed for HPO4 concentration using the 
Skalar San-Flow colourimetric analyser.  
 
4.2.2.8 Ammonium oxalate phosphorus sorption capacity (PSC) 
PSC was assessed using the ammonium-oxalate extraction method, which is described 
by Guo & Yost (1999). As described, this method may be used to determine oxalate-
extractable phosphorus. However, Lookeman et al. (1995) also interpret this method 
as one which isolates oxalate extractable (non-crystalline oxides of) Al + Fe, which 
they consider to be analogous of the PSC, particularly in acid sandy soils (which are 
typical of heathlands). These extractions were performed on 0.5g of homogenised, 
dried soil, in non-reactive PVC centrifuge tubes, using 30ml of acidified 0.2 M 
ammonium-oxalate, which was adjusted to pH 3.0 with HCl or NH4OH. Extractions 
were carried out in darkness on a rotary shaker for 2 hrs. The extracts were then 
centrifuged at 12,000 rpm for 10 minutes and a 3ml aliquot of the supernatant extract 
removed. These were combusted to ash in ceramic crucibles at 400°C for 1 hr, and 
redissolved in 3ml of 1M HCl. The resulting extracts were analysed for Al and Fe 
concentration by ICP-AES (ARL Fisons 3580B ICP analyser, Switzerland), using a 
pH matched HNO3 matrix. PSC was calculated as the sum of ammonium-oxalate 
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extractable Al and Fe (Alox & Feox) (Lookman et al., 1995). Reagent blanks were 
analysed and any values obtained from these were subtracted from the sample data. 
 
4.2.2.9 PME activity 
Soil PME activity was assessed using the method given by Tabatabai & Bremner 
(1969). The procedures and method of analysis follows exactly that given in more 
detail in 2.2.2.  
 
4.2.2.10 Statistical analysis 
The data were analysed by linear regression, Generalised Linear Modelling (GLM) 
and Analysis of Variance (ANOVA) in R version 2.4.1 (R foundation for statistical 
computing, 2006). These were checked for normal distribution and constant variance, 
and where necessary the appropriate transformation was applied. Outliers were 
excluded according to the same principles described in 2.2.3. Linear regression was 
used to examine univariate relationships between N deposition and all plant and soil 
indices. N deposition data for 2005 at 1km2 resolution were obtained from CEH, 
Edinburgh (Rognvald Smith, pers comm.). The dataset was analysed according to 
individual phase groupings (pioneer, building, mature) and as a ‘combined phase’ 
dataset. Linear models and GLM were also used to investigate whether foliar nutrient 
concentrations were affected by soil chemistry. The effect of Calluna phase on 
vegetation and soil indices was investigated using ANOVA, as was the effect of soil 
type and geology on foliar chemistry. In the case of soil type and geology, these were 
assigned five simplified classes (Soil type: ‘Clay-loam’, ‘Loamy-sand’, ‘Sandy’, 
‘Sandy’, ‘Sandy-clay’, ‘Humose’) (Geology: ‘Bagshot beds’, ‘Bagshot sands’, 
‘Chalk’, ‘Greensand’, ‘Hangman grits’), according to the more detailed descriptions 
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given by the Soil Survey of England and Wales (1983) and the British Geological 
Survey (2005) respectively. This classification enabled a meaningful analysis of the 
data. Multivariate models combining, for example, these geological classes with N 
deposition values and soil PME activity, were also used to examine how these factors 
affected foliar and soil chemistry. No significant multivariate relationships were 
found to exist, however, so this aspect of analysis was discontinued. Univariate 
models were used in preference, as these were found to best describe the relationships 
found. 
 
4.3 Results 
4.3.1 Effects of N deposition on vegetation 
Any significant relationships between indices of soil or leaf chemistry and N 
deposition were generally quite weak. Those that were statistically significant were all 
in a positive direction (Figs. 4.2 – 4.7). The strength of relationships varied depending 
on the N form (oxidised, reduced or total) and the Calluna phase (Table 4.2). 
Oxidised N had the strongest relationships overall. The strongest response variable 
overall was foliar P.  
 
In the pioneer phase, the strongest correlation was with foliar P and oxidised N (F = 
13.7, P <0.001). Oxidised N accounted for 36.4% of the variance in pioneer phase 
foliar P. Foliar N concentrations were also significantly related to total N (F = 6.1, P 
<0.05) oxidised N (F = 4.5, P <0.05). Total N accounted for 13.5% of the variance in 
pioneer phase foliar N. Foliar N:P ratios did not have any significant relationships 
with N deposition, however.  
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Building phase foliar chemistry did not have any significant relationships with N 
deposition. In this phase, the only significant correlations existed between N 
deposition and litter and canopy height individually. Building phase litter depth was 
most significantly correlated with total N (F = 8.5, P <0.05) and canopy height with 
oxidised N (F = 9.6, P <0.01).  
 
In the mature phase, significant relationships with N deposition existed for foliar 
chemistry, PME activity and total soil N. The strongest of these was with foliar P and 
oxidised N (F = 13.5, P <0.001). Oxidised N accounted for 32.5 % of the variance in 
mature phase foliar P. PME activity was only weakly significant (F = 4.5, P <0.05) 
and similar to total soil N (F = 6.1, P <0.05).  
 
When the dataset was analysed in its entirety, combining data from all Calluna 
phases, this revealed the strongest relationships with N deposition. In the combined 
phase dataset foliar chemistry, litter depth and extractable P were each correlated with 
N deposition (Figs. 4.6 & 4.8). The strongest of these was with foliar P and oxidised 
deposition (F = 13.7, P <0.001). Oxidised N deposition also accounted for 14.2% of 
the variance in the foliar P concentration in combined phases. Foliar N was also 
significantly correlated with total N deposition (F = 11.3, P <0.01).  
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Variable N deposition type Phase n F P Direction 
Foliar N Total All phases combined 85 8.4 ** + 
  Pioneer 26 6.1 * + 
  Mature 30 4.2 * + 
 Oxidised All phases combined 85 7.8 ** + 
  Pioneer 26 4.5 * + 
Foliar P Total Mature 30 14.2 *** + 
  Pioneer 26 13.3 ** + 
  All phases combined 85 11.3 ** + 
 Oxidised All phases combined 85 13.7 *** + 
  Pioneer 26 13.7 *** + 
  Mature 30 13.5 *** + 
Foliar N:P ratio All non-significant    ns  
Soil N Reduced Mature 30 6.1 * + 
Soil P All non-significant    ns  
Extractable soil N All non-significant    ns  
Extractable soil P Total All phases combined 85 4.3 * + 
 Reduced All phases combined 85 4.3 * + 
  Pioneer 26 6.1 * + 
Ammonium oxalate PSC All non-significant    ns  
PME activity Total Mature 30 4.5 * + 
Litter depth  Total All phases combined 85 9.5 ** + 
  Building 29 8.5 * + 
 Oxidised All phases combined 85 7.2 ** + 
  Building 29 4.8 * + 
 Reduced Building 29 5.7 * + 
Canopy height Total Building 29 8.8 ** + 
 Oxidised Building 29 9.6 ** + 
Soil organic matter (SOM) All non-significant    ns  
pH All non-significant    ns  
 
Table 4.2: Statistical summary table, arranged according to phase, of the strongest relationships 
between N deposition form (total, oxidised and reduced) and the plant and soil variables. Linear models 
with significance * p  <0.05, ** p  <0.01, *** p  <0.001. Phase groupings arranged by order of 
significance. Where a N deposition form or phase is not given, this indicates the relationship was non-
significant. “All phases combined” d.f.N = 1, d.f.D = 83. “Pioneer” d.f.N = 1, d.f.D = 24. “Building” d.f.N 
= 1, d.f.D = 27. 2006. “Mature” d.f.N = 1, d.f.D = 28 
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Figure 4.2: Scatter plots of Calluna foliar N 
concentrations from combined phase data against 
(a) total N deposition, (b) Reduced N deposition, 
(c) Oxidised N deposition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Scatter plots of Calluna foliar P 
concentrations from combined phase data against 
(a) total N deposition, (b) Reduced N deposition, 
(c) Oxidised N deposition. 
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Figure 4.4: Scatter plot of Calluna foliar N:P ratio concentrations from combined phase data against 
total N deposition 
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Figure 4.5: Scatter plots of soil nutrient concentrations against N deposition. (a) soil N (combined 
phases) against total N, (b) soil N (mature phase) against reduced N, (c) soil P (combined phases) 
against total N 
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Figure 4.6: Scatter plots of extractable soil nutrient concentrations against total N deposition from 
combined phase data. (a) extractable soil N, (b) extractable soil P 
(a) (b)  
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Figure 4.7: Scatter plots of PME activity against total N deposition from: (a) combined phase data, (b) 
mature phase data 
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Figure 4.8: Scatter plots of total N against: (a) canopy 
height (combined phase data), (b) canopy height 
(building phase data), (c) litter depth (combined phase 
data) 
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overall (Tables 4.3, 4.4 & 4.5). The strength of these effects varied between phases, 
although most of these were found to be strongly significant. 
 
In the pioneer phase, foliar N was most strongly influenced by soil type (F = 5.3, P 
<0.01), with the highest values occurring on sandy soils (Table 4.5). Soil type 
accounted for 50.3% of the variance in pioneer phase foliar N.  
 
Foliar P was significantly and negatively related to with PME activity (F = 4.6, P 
<0.01) (Fig. 4.9).  
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Figure 4.9: Pioneer phase: scatter plot of foliar 
P against PME activity (P <0.05) 
Figure 4.10: Building phase: scatter plot of foliar N 
against extractable P (P < 0.05) 
  
 
Building phase foliar chemistry had the weakest relationships with soil chemistry, soil 
type and geology overall. Foliar N and extractable P was the only significant 
relationship (F = 4.4, P <0.05) found in this phase (Fig. 4.10).  
 
Mature phase foliar P was strongly related to soil type (F = 5.2, P <0.01), with the 
highest values occurring on sandy soils. This relationship accounted for 58.0% of the 
variance in the GLM model with mature phase foliar P. Foliar P was also strongly 
linked to geology (F = 7.9, P <0.001), which accounted for 71.6% of the variance in 
GLM model with mature phase foliar P. The highest values were associated with 
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chalk geology (Table 4.4). Geology was also linked to mature phase foliar N:P ratios 
(F = 3.5, P <0.05), with the highest N:P ratio occurring on Bagshot sand.  
 
The data from combined phases suggested that overall, foliar N was strongly 
influenced by soil type (F = 3.2, P <0.01). Foliar P was also strongly influenced by 
soil type (F = 6.2, P <0.01), however, the relationship with geology was stronger (F = 
13.3, P <0.001), which accounted for 41.3% of the variance in foliar P. To test the 
hypothesis of Chapman (1989) that high PSC was associated with increased SOM 
accumulation, a regression was performed between these two variables, the analysis 
indicated no significance in this relationship (F = 2.8, P = 0.1). 
Phase Foliar variable 
Significantly 
related variable n f p 
Direction or 
highest class  
Pioneer Foliar N Soil type 26 5.3 ** Sandy soil 
  Geology 26 2.7 * Chalk geology 
 Foliar P PME activity 26 4.6 * - 
 Foliar N:P ratio non-significant 26  ns  
Building Foliar N Extractable P 29 4.4 * + 
 Foliar P non-significant 29  ns  
 Foliar N:P ratio non-significant 29  ns  
Mature Foliar N non-significant   ns  
 Foliar P Geology 30 7.9 *** Chalk geology 
 Foliar P Soil type 30 5.2 ** Sandy soil 
 Foliar N:P ratio Geology 30 3.5 * Bagshot sands 
All phases combined Foliar N Soil type 85 3.2 ** Sandy soil 
 Foliar P Geology 85 13.2 *** Chalk geology 
  Soil 85 6.2 *** Sandy soil 
 Foliar N:P ratio Geology 85 13.3 *** Bagshot sands 
 
Table 4.3: Statistical summary table of the relationships between foliar chemistry and all soil type, 
chemistry and geology indices. If a variable is not listed this indicates the relationship was non-
significant. Linear models or ANOVA with significance * p  <0.05, ** p  <0.01, *** p  <0.001. Direction 
of relationship given for linear models, or highest mean class (compared with all other classes) where 
ANOVA was significant. “All phases combined” d.f.N = 4, d.f.D = 79. “Pioneer” d.f.N = 4, d.f.D = 20. 
“Building” d.f.N = 4, d.f.D = 23. 2006. “Mature” d.f.N = 4, d.f.D = 24 
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  Bagshot 
beds n = 6 
Bagshot 
sands n = 8 
Chalk  
n = 8  
Greensand  
n = 5 
Hangman 
grits n = 3 
Foliar N % 1.4 +/- 0.15 1.3 +/- 0.10 1.9 +/- 0.25 1.8 +/- 0.13 1.9 +/- 0.10
Foliar P % 0.11 +/- 0.01 0.10 +/- 0.01 0.16 +/- 0.01 0.11 +/- 0.01
Pioneer  
phase 
Foliar N:P 12.7 +/- 0.13 13.0 +/- 0.09 11.8 +/- 0.10 16.3 +/- 0.15
0.15 +/- 0.01
12.6 +/- 0.17
  Bagshot 
beds n = 8 
Bagshot 
sands n = 6 
Chalk  
n = 4  
Greensand  
n = 5 
Hangman 
grits n = 3 
Foliar N % 1.6 +/- 0.20 1.1 +/- 0.25 1.7 +/- 0.61 1.4 +/- 0.33 1.7 +/- 0.75
Foliar P % 0.12 +/- 0.01 0.08 +/- 0.02 0.14 +/- 0.05 0.11 +/- 0.03
 
Building 
phase 
Foliar N:P 13.3 +/- 0.23 13.8 +/- 0.21 12.1 +/- 0.29 12.7 +/- 0.21
0.11 +/- 0.05
15.4 +/- 0.28
  Bagshot 
beds n = 7 
Bagshot 
sands n = 6 
Chalk  
n = 5 
Greensand  
n = 7 
Hangman 
grits n = 3 
Foliar N % 1.6 +/-  0.14 1.1 +/-  0.22 1.6 +/-  0.20 0.5 +/-  0.13 1.5 +/-  0.07
Foliar P % 0.11 +/-  0.01 0.07 +/-  0.01 0.15 +/-  0.01 0.10 +/- 0.01
 
Mature 
phase 
Foliar N:P 14.7 +/-  0.18 15.2 +/- 0.17 10.3 +/- 0.18 14.0 +/- 0.11
0.14 +/-  0.01
11.0 +/- 0.10
  Bagshot 
beds n = 21 
Bagshot 
sands n = 20 
Chalk  
n = 17 
Greensand  
n = 17 
Hangman 
grits n = 9 
Foliar N % 1.5 +/-  0.10 1.2 +/-  0.10 1.7 +/-  0.38 1.5 +/-  0.12 1.7 +/-  0.21
Foliar P % 0.11 +/-  0.01 0.09 +/-  0.01 0.15 +/-  0.03 0.11 +/-  0.01
Table 4.4: Mean values for foliar chemistry according to geology category. +/- 1 s.e of the mean 
All 
phases 
combined Foliar N:P 13.9 +/-  0.62 14.4 +/-  0.63 11.3 +/-  1.41 13.8 +/-  0.73
0.13 +/-  0.01
12.8 +/- 0.81 
 
 
  Clay-loam  
n = 3 
Loamy-sand 
n = 5 
Sandy 
n = 8 
Sandy-clay 
n = 3 
Sandy-
humose 
n= 6 
Foliar N % 1.6 +/- 0.16 1.5 +/- 0.16 1.8 +/- 0.08 1.2 +/- 0.12 1.2 +/- 0.13
Foliar P % 0.14 +/- 0.01 0.10 +/- 0.001 0.14 +/- 0.01 0.08 +/- 0.01
Pioneer 
phase 
Foliar N:P 11.4 +/- 0.12 15.0 +/- 0.19 12.8 +/- 0.17 15.0 +/- 0.18
0.09 +/- 0.01
13.3 +/- 0.13
 
  Clay-loam  
n =3 
Loamy-sand 
n = 6 
Sandy 
n = 10 
Sandy-clay 
n = 3 
Sandy-
humose 
n= 5 
Foliar N % 1.4 +/- 0.53 1.4 +/- 0.21 1.7 +/- 0.17 0.9 +/- 0.43 1.3 +/- 0.23
Foliar P % 0.09 +/- 0.03 0.11 +/- 0.02 0.14 +/- 0.01 0.06 +/- 0.02
Building 
phase 
Foliar N:P 15.5 +/- 0.27 12.7 +/- 0.17 12.1 +/- 0.11 15.0 +/- 0.25
0.10 +/- 0.02
13.0 +/- 0.16
 
  Clay-loam  
n = 4 
Loamy-sand 
n = 6 
Sandy 
n = 10 
Sandy-clay 
n = 3 
Sandy-
humose 
n= 5 
Foliar N % 1.7 +/-  0.10 1.3 +/-  0.11 1.6 +/-  0.10 1.2 +/-  0.23 1.3 +/-  0.28
Foliar P % 0.13 +/-  0.01 0.09 +/-  0.01 0.13 +/-  0.01 0.08 +/-  0.01
Mature 
phase 
Foliar N:P 13.0 +/-  0.12 14.4 +/-  0.17 12.3 +/-  0.18 15.0 +/-  0.16
0.08 +/-  0.02
16.2 +/-  0.19
 
  Clay-loam  
n = 10 
Loamy-sand 
n = 17 
Sandy 
n = 28 
Sandy-clay 
n = 9 
Sandy-
humose 
n= 16 
Foliar N % 1.6 +/-  0.15 1.4 +/- 0.09  1.7 +/-  0.07 1.1 +/-  0.16 1.2 +/-  0.12
Foliar P % 0.12 +/-  0.01 0.10 +/-  0.01 0.14 +/-  0.01 0.08 +/-  0.01
All phases 
combined 
Foliar N:P 13.3 +/-  0.53 14.0 +/-  0.47 12.1 +/-  0.56 13.8 +/-  0.37
0.09 +/-  0.01
13.3 +/-  0.67
Table 4.5 Mean values for foliar chemistry according to soil type category. +/- 1 s.e of the mean 
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4.3.3 The effect of phase on indices of vegetation, litter and soil 
Few variables were significantly related to Calluna age. The only exceptions to this 
were litter (F = 35.4, P <0.001), which was deepest in the mature phase (Fig. 4.11c) 
and total soil P (F = 3.5, P <0.05), which was also highest in this phase (Fig 4.11b) 
(Table 4.6). The results indicate that total soil N increased with stand maturity, but 
that this was a non-significant change. Foliar P and foliar N were each highest in the 
pioneer phase and lowest in the mature phase, but this relationship was non-
significant also.  
Variable 
Pioneer 
n=26 
Building 
n=29 
Mature 
n=30 
All phases 
combined 
n=85 Significance 
Foliar N (‰) 15.3+/- 
0.7 
14.8+/- 
1.1 
14.7+/- 
0.7 
14.9+/- 
0.5 
ns 
Foliar P (‰) 1.2+/- 
0.1 
1.1+/- 
0.1 
1.1+/- 
0.1 
1.1+/- 
0.0 
ns 
Soil N (‰) 1.8+/- 
0.4 
2.5+/- 
0.5 
3.5+/- 
0.6 
2.6+/- 
0.3 
ns 
Soil P (‰) 0.1+/- 
0.0 
0.1+/- 
0.0 
0.2+/- 
0.0 
0.2+/- 
0.0 
F=3.5* 
Extractable N mg kg-1 dry wt soil 4.1+/- 
0.6 
4.6+/- 
0.6 
5.5+/- 
0.8 
4.8+/- 
0.4 
ns 
Extractable P mg kg-1 dry wt soil 3.4+/- 
0.4 
3.1+/- 
0.3 
3.0+/- 
0.3 
3.2+/- 
0.2 
ns 
Litter depth (mm) 16+/- 
2 
45+/- 
4 
72+/- 
6 
46+/- 
4 
F=35.4*** 
Soil Organic Matter (SOM) % 26.9+/- 
3.6 
28.4+/- 
3.5 
28.5+/- 
3.7 
28.0+/- 
2.1 
ns 
PME activity nMol p-nitrophenol g-1 sec-1 5.8+/- 
0.6 
5.1+/- 
0.4 
5.8+/- 
0.5 
5.5+/- 
0.3 
ns 
Ammonium oxalate PSC 114.6+/- 
14.0 
125.8+/- 
18.3 
125.8+/- 
22.1 
122.4 +/-
10.7 ns 
 
Table 4.6 Mean values for foliar nutrient chemistry, soil chemistry, litter depth and SOM according to 
phase. +/- 1 standard error of the mean. F values with significance for ANOVA analysis of the effect of 
phase. * p  <0.05, *** p  <0.001. d.f.N = 2, d.f.D = 81 
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Figure 4.11:  Mean values for (a) total 
soil N, (b) total soil P, (c) litter depth, 
(d) foliar N, (e) foliar P. With ANOVA 
significance of “phase” * p  <0.05, ** p  
<0.01, *** p  <0.001. If no significance 
is given this indicates a non-significant 
result. n = 26-30 per phase. Treatments 
not sharing the same letter are 
significantly different from one another 
(P <0.05) using the Tukey HSD test 
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4.4. Discussion 
 
4.4.1 The effects of N deposition 
The inherent variability of the results from this wide-scale survey has potentially 
reduced the significance of many of the relationships with N deposition. Nevertheless, 
several important correlations were found between N deposition and other 
bioindicator indices. The signals of N deposition are, therefore, detectable across a 
number of heathland sites in southern England, despite the considerable influences of 
differing geologies, soil types and differing management intensity. The results suggest 
that oxidised N deposition has a slightly stronger influence overall, compared with 
reduced deposition. This is in contrast to similar surveys of UK vegetation (e.g. Smart 
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et al., 2004), which have shown the effects of reduced N deposition to more strongly 
affect foliar chemistry and species composition. All the significant relationships with 
N deposition and soil or plant nutrient chemistry were positive, which suggests 
broadly that the effect of N is to increase rates of nutrient accumulation, acquisition, 
use and turn-over.  
 
It was considered that relative N deposition values of the present day would also be 
well matched with those deposited historically at each site (Fowler et al., 2004). 
Hence, the relative impacts of past N deposition inputs may also be implied from 
these present day values. The effects of long-term N deposition over several decades 
have been considered in the analysis of these results. 
 
4.4.1.1 Effects of N deposition: Foliar N and P 
Foliar nutrient chemistry relationships were particularly strong in the pioneer phase 
which suggests that nutrient uptake in pioneer phase Calluna may be strongly subject 
to the influence of N deposition. It is thought that due to the small size of these plants, 
which have more active green shoots and faster growing tissue, rather than the large 
amounts of relatively inert woody material of mature phases (Gimingham, 1972), 
demand and uptake of nutrients in the pioneer phase is likely to be higher (per unit 
biomass). Hence, the relationship between foliar nutrient chemistry and N deposition 
is strongest in this phase. Gimingham (1972) also observes that pioneer phase nutrient 
chemistry is most sensitive to the overall influence of environmental factors. 
 
The strongest response variable overall to N was foliar P. This variable was 
consistently significant in almost every data set and stronger even than relationships 
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with foliar N. This result was unexpected, as similar studies have shown tissue N 
responds reliably to N deposition (Iason & Hester, 1993; Pitcairn et al., 1995), rather 
than tissue P. The finding of the present study links well, however, with the survey by 
Rowe et al. (2008), who also found a similarly strong relationship with foliar P and N 
deposition. Both studies suggest, therefore, that N deposition may be driving 
processes that increase mineralisation, thereby leading to a greater uptake of P. 
Increased rates of Calluna P mineralisation in soil have been observed by Lee & 
Caporn (1998) in response to N deposition.  
 
A suitable mechanism for this greater uptake of P may be the root and mycorrhizal 
secretion of phosphatase (PME), which has been demonstrated under experimental 
manipulation to increase with N loading (Aerts & Chapin, 2000, Phoenix 2003, 
Pilkington, 2005a). It is considered that N may drive demand for P, which increases 
the activity of this enzyme. As PME is involved in the mineralisation of stores of 
organically-bound P, N driven enhanced activity of this enzyme may be very 
significant in modifying the overall nutrient status of heaths. In the present study, 
mature phase phosphatase activity was also significantly increased by N deposition, 
which is suggestive that N deposition may increase soil P acquisition by vegetation. 
Overall, the result suggests that N deposition accelerates mineralization processes that 
lead to a greater uptake of soil P by Calluna. Given that mineralisation of this organic 
material is likely to also mobilise other nutrients in addition to P, generalised 
increases in overall rates of nutrient cycling may be taking place in response to N 
deposition.  
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The effect of N deposition on foliar N was weakly significant, although the strength 
of this relationship increased when data from all phases were combined. This result 
was expected as similar surveys have shown a consistent relationship between foliar 
N and N deposition (Magill et al., 1997; Pitcairn & Fowler, 1995; Pitcairn et al., 
2002, 2003; Hicks et al., 2000). The effect of N deposition on foliar N:P ratios, 
however, was non-significant. Several experimental manipulation studies have 
indicated that significant N:P ratio increases take place with N fertilisation (Gusewell 
et al., 2003; Heijmans et al., 2001; Koerselman & Meuleman, 1996; Gusewell & 
Koerselman, 2002; Kirkham, 2001; Pilkington et al., 2005b). The lack of significance 
found by the present study, however, may be due to the relatively matched increases 
that occurred in both foliar N and P. As a result, there was very little change in foliar 
N:P ratios. As stated, Gusewell (2004) suggests that N:P ratio responses to N may be 
quite plastic under certain conditions (particularly if they are within a moderate 
range), and this may explain why N:P ratios in the present study were not correlated 
with deposition. The lack of any significant relationship obtained by the present study 
indicates that the Calluna foliar N:P ratio has not been a reliable bioindicator of N 
deposition effects. The surveys by Edmonson (2007) and Rowe et al., (2008) did not 
find any significant positive relationship between tissue N:P ratios and N deposition, 
which is similar to results of the present study. A positive relationship was found, 
however, by Kirkham (2001). The lack of significance obtained by the present study 
illustrates that N:P ratio indicator responses may relate poorly to N deposition, 
especially over the longer timescales and lower background deposition rates that are 
found in the field, as opposed to in manipulation studies. Mycorrhizal associations 
and the action of phosphatase, increase the capacity of Calluna to scavenge P from 
soil (Cairney & Meharg, 2003, Vines, 2007; Gimingham, 1972), which allow greater 
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quantities of P to be taken up when N deposition increases demand. Together with 
nutrient translocation processes within the plant, this may prevent shifts in foliar N:P 
ratios from taking place.  
 
4.4.1.2 Effects of N deposition: Soil chemistry 
N deposition had few relationships overall with the indices of soil nutrient status. A 
significant positive correlation existed for soil N, but only under mature phase 
vegetation. This suggests that accumulative effects of N deposition have taken place 
in the soil under this older vegetation. This relationship is likely to have arisen as a 
result of elevated levels of nutrient accumulation over several decades and was the 
only relationship with total soil nutrients that was significant out of the entire data set. 
The accumulation may have occurred directly as a result of deposited N entering the 
soil, or was possibly also due to N-enriched litter fall. Such effects have been 
observed experimentally following enhanced N inputs (Carroll et al., 1999, Power et 
al., 1998; Magill et al., 1997; Pilkington et al., 2005b). It has been suggested that one 
of the mechanisms delaying heathland recovery after deposition rates fall is the 
elevated levels of N that remain stored in soil and litter (Pilkington et al., 2005b, 
Power et al., 2006). An explanation for the strength of the relationship between total 
soil N and N deposition in mature phase vegetation is that due to a lack of litter and 
soil disturbance, these stands will have had a longer time for N accumulation to take 
place. Slower growth rates have also meant that mature phase soil N is less likely to 
have been subject to the influence of variations in plant uptake due to less demand for 
N by mature-degenerate plants. 
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The lack of relationship between N deposition and total soil P was not unexpected, as 
these variables are not directly linked. Green (2005) investigated the effects of N 
deposition on total soil P and found no relationship existed, there has been very little 
other research to date on the effects of N deposition on total soil P.  
 
Extractable soil chemistry and N deposition had generally poor relationships overall. 
There was no correlation between N deposition and extractable N. This is not in 
accordance with the findings of Magill et al. (1997); Lovett et al. (1999), Aber et al. 
(1993) and Edmonson (2007), who each found a significant positive relationship with 
extractable soil N and deposition. However, extractable soil N is considered to be a 
temporally variable index (Thompson & Troeh, 1973). Fluxes of uptake, 
immobilisation and leaching loss will have influenced this value at the time of 
sampling and may have altered potential relationships with N deposition. It is likely 
that levels of extractable N would have been at their lowest at the time of sampling 
due to the demands placed by growing vegetation. 
 
Total and reduced N deposition were both associated with increased levels of 
extractable soil P. This result was surprising, as it was not expected that N deposition 
would have a positive influence on P availability. This gives further evidence that N 
deposition may be driving P mobilisation, which could be due to increased 
phosphatase activity via N driven demand for P. An increase in phosphatase activity 
(and foliar P) with N deposition was also found in the mature phase stands, which 
supports this interpretation. The relationship between extractable soil P and N 
deposition was also examined by Rowe et al., (2008), who, in contrast, found no 
significance. The authors considered that the lack of significant relationship was due 
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to the complex effects of soil pH on P availability, which may also interact with iron 
and aluminium, leading to phosphates precipitating out of solution (Frossard et al., 
1995). Soil phosphorus sorption capacity (PSC) is a soil quality that is directly related 
to these chemical processes (Manning et al., 2005). It was unexpected that ammonium 
oxalate PSC did not have a relationship with either available soil P, or foliar P. The 
lack of relationship may derive, on one hand from the highly variable nature of 
available soil nutrients, which are subject to constant losses due to biological uptake 
and leaching (Thompson & Troeh, 1973). The lack of a relationship with foliar P, on 
the other hand, may be reflective of the strong combined influences that N deposition 
and underlying geology appear to have on foliar P, which may overcome any latent 
effects of phosphorus sorption in the soil. 
 
4.4.1.3 Effects of N deposition: PME activity 
The effect of N deposition on PME activity was weakly significant, but only in the 
mature phase. This was a positive relationship, which is in accordance with the results 
of previous investigations that showed increased PME activity with N deposition 
(Phoenix 2003, Pilkington 2005a). It was unexpected that this response would only be 
shown in mature phase, however, as it was hypothesised that demand for nutrients 
would be lower in this phase and hence, mature vegetation was expected to be less 
sensitive to increased demand for P driven by N loading. It is possible, however, that 
due to the role organic matter fulfils as a heathland P source (Rowe et al., 2008), the 
increased accumulation of organic litter under mature phase stands has made the role 
of phosphatase more important. Mature phase stands of Calluna were chosen for the 
N deposition survey by Rowe et al. (2008), who found similarly strong relationships 
with foliar chemistry.  
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4.4.1.4 Effects of N deposition: Litter depth and canopy height 
N deposition also had significant positive relationships with litter depth and canopy 
height, suggesting that N deposition may be increasing rates of canopy development 
and leaf fall. This may be as a result of the increased productivity that has been 
indicated by N manipulation studies (Carroll et al., 1999, Power et al., 1998, Caporn 
et al., 2005). A similar positive effect of N on litter was observed by Pilkington et al. 
(2005b). Although there were also strongly significant effects with the combined data 
from all phases, it is notable that only the building phase data were significant by 
themselves. This was the only phase that had a significant relationship individually 
and this was also the only significant relationship that existed with N deposition in the 
building phase.  
 
A key attribute of the building phase is the construction of a closed canopy, which 
occurs at a relatively consistent rate (Gimingham, 1972). This is in contrast to the 
pioneer phase, where growth may be more sporadic, and the mature phase, which may 
be prone to canopy collapse. Therefore, the canopy responses to N may potentially be 
more linear in the building phase than in others. It is possible that nascent canopy 
collapse in mature phase stands has potentially increased the variance of this data set, 
which may have reduced the overall significance of N effects. This variability 
inherent in mature phase canopy height is noted by Gimingham (1972). 
 
In the case of litter, the effect of management may also have had a strong influence on 
relationships with N deposition. Pioneer phase litter depth is likely to be more 
significantly affected by recent management than any potential productivity responses 
due to N deposition. In the case of the mature phase the variance in litter depth may 
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have been attributable to varying degrees of management, or a lack of management 
entirely. Some of these mature phase areas could have persisted over many decades 
from a cyclical Calluna regeneration process, rather than existing as a result of a 
specific management cycle. If this was the case, a considerable amount of litter will 
have accumulated, and this would not directly relate to N inputs. Building phase litter 
accumulation is likely to have been more consistent as this vegetation may have 
undergone management within a 10 – 20 year timescale, and ongoing litter production 
will have been dependent upon consistent re-deposition from a developing and 
closing canopy (Gimingham, 1972). This arrangement, which would lead to a greater 
consistency in total litter accumulation rates is likely to have also been more sensitive 
overall to the effects of N deposition than other phases.  
 
4.4.2 Soil type, geology and soil chemistry: Relationships with foliar 
chemistry 
 
The relationships between soil type geology and foliar chemistry were the most 
strongly significant responses of the study overall, suggesting that the strength of 
influence of soil type and geology may actually exceed that of N deposition. These 
responses were more consistent in the mature phase, and when data from all the 
phases were combined. Overall, geology appears to have had the strongest effect on 
foliar chemistry, which is in accordance with Thompson & Troeh (1973) and White 
(1997) each who note the considerable influence of soil type and underlying geology 
on plant nutrient availability and nutrient uptake.  
 
4.4.2.1 Geology and soil type: foliar chemistry 
Soils developed from marine deposits, such as chalk, are considered to contain greater 
quantities of P (White, 1997). Although total soil P is not directly related to available 
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soil P, it is thought that greater levels of total soil P may have a positive long term 
effect on available soil P (Thompson & Troeh, 1972). The observation of White 
(1997) may explain a characteristic of the relationship between foliar P and geology. 
In every significant analysis, the highest foliar P values were consistently associated 
with chalk geology (Table 4.4). The relationship with foliar N also showed a similar 
pattern. In the case of N, however, the result is anomalous, as chalk is not thought to 
contribute to N supply (White, 1997). An explanation for the apparent relationship 
between higher foliar N and chalk geology may be the fortuitous co-correlation 
between N deposition and geology. The highest N deposition values occur on East 
Anglian heaths, which are also located on chalk. By contrast, the lowest deposition 
rates occur in the Dorset heaths, which are all based on Bagshot sands. In this 
instance, therefore, the distributions of geology and N deposition broadly mirror one 
another. There has been little research to date to directly investigate the effects of 
geology on foliar chemistry. A heathland survey by Chapman et al. (1989) 
incorporated a presentation of differing geologies alongside their results, but did not 
discuss the implications of these on foliar chemistry or nutrient availability. 
Gimingham (1972), however, discusses the effects of geology on Calluna foliar 
chemistry and suggests that a link exists between them. 
 
If the parent material that a soil is derived from is the long-term source of nutrient 
supply, the soil type may be thought to more directly affect the immediate mobility of 
nutrients and their eventual availability for plant uptake. The phosphorus adsorption 
capacity (PSC) is an example of a soil characteristic that may be affected by soil type 
and can directly influence P availability. With this principle in mind, foliar nutrient N 
and P was found to be significantly highest on sandy soils (out of the 5 soil 
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classifications), which are thought to have a low PSC. Both these nutrients may be 
readily leached from sandy soils, therefore, where they are inherently mobile. 
However, this mobility also means they may also become immediately available for 
plant uptake (Thompson & Troeh, 1972), such as when mobilised from decomposing 
organic matter. The increased nutrient mobility that is likely to be associated with 
sandy soils may have contributed to their higher foliar nutrient concentrations overall. 
In contrast, it is notable that the lowest foliar nutrient values for N and P each 
occurred on ‘sandy-clay’ soils. Such soils are known to have a high exchange capacity 
due to their clay content and can, therefore, immobilise nutrients well (Thompson & 
Troeh, 1972; Barber, 1995). This feature may explain why foliar nutrient levels were 
consistently lower in this soil group. It is difficult to find comparable studies with 
which to evaluate this aspect of the study, as the effect of soil type on the foliar 
nutrient chemistry of similar heathland vegetation has not been examined to date.  
 
4.4.2.2 PME activity: The relationship with foliar P 
PME activity was negatively correlated with foliar P concentration, but only in the 
pioneer phase. Due to a high demand for P in this phase, according to fast growth 
rates, this relationship was likely to be stronger than in other phases. During the 
survey it was noted that each pioneer phase area appeared to have been managed by a 
mowing treatment. This form of low intensity management is thought to be relatively 
ineffective at removing nutrients, particularly N, in comparison with the more 
intensive methods, such as prescriptive burning (Power et al. 2001; Niemeyer et al., 
2005). These pioneer phase stands were, therefore, unlikely to be deficient in stores of 
N and P. However, given the lower mobility of P relative to N, it is likely that the 
relative availability of these nutrients also differed. Rapid growth rates in the pioneer 
 163
phase leading to high nutrient demand, combined with a relatively poor P availability, 
are likely to have increased the strength of this negative relationship. In the other 
phases, nutrient accumulation, combined with slower overall growth rates may have 
weakened any potential relationship that existed.  
 
4.4.3 Influence of stand age on soil chemistry, litter depth and foliar 
nutrient chemistry 
  
The strongest overall effect of stand maturity was on total soil concentrations of N 
and P, which each increased with age. This relationship illustrates that these nutrients 
consistently accumulate in the surface soil under Calluna, increasing with time since 
management. In the case of soil N, however, this was non-significant due to a large 
degree of scatter in the data, which may have been attributable to inputs from N 
deposition. The general accumulation of soil nutrients at the surface (0-05cm) that is 
suggested by the study is also verified by the relationship with litter depth, which 
increased according to stand age; this directly concurs with data presented by 
Chapman (1980). The decomposition (and mineralisation) of this organic material to 
the soil is considered to be the most likely mechanism, for the similar increases of soil 
N and P that were also found. These results for litter and nutrient accumulation are in 
accordance with the view of Chapman (1989) and Gimingham (1972), who observe 
that heathland management (and removal of litter) is often necessary to export 
nutrients and prevent scrub invasion. The data presented by Gimingham (1972) 
indicate that no overall effect of age on total surface soil (0-5cm) N or P exists, 
however, these data were each collected from different sites, so there is no direct 
(same site) comparison with vegetation age.  
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Given the overall increases in soil N, P, and litter with stand age, it is anomalous that 
a similar response did not exist with soil organic matter (SOM). SOM largely consists 
of humus derived from decomposed litter, and this would also have been a likely 
source of the stores of N and P found in the soil. Given that heathland soils are 
typically acidic sandy podzols, however, much of this organic matter may have been 
leached from directly below the rooting zone into the ‘humic’ B horizon (Kennedy, 
2002). This deeper soil horizon would have been considerably beyond the 0-5cm 
sampling zone of the present study, hence, organic matter accumulation at this point 
could not be detected using the chosen sampling methodology. Further to this point, 
Chapman (1980) also observes that in Calluna stands older than 15-20 years, 
significant root penetration of the litter layer occurs. This effectively bypasses the 
cycle of organic matter decomposition, leading to re-uptake from the soil by allowing 
direct access to organic and inorganic nutrients in the litter layer. In mature phase 
vegetation particularly, organic matter in the soil may not be the main source of 
organic nutrition. 
 
The data suggest that there are slight decreases in foliar nutrient concentrations with 
increasing vegetation age. Although these were non-significant, the trend may be 
indicative of a greater nutrient demand by younger pioneer shoots. As Gimingham 
(1972) notes, pioneer phase vegetation consists almost entirely of young bright green 
shoots, which give way to brown coloured shoots in the building and mature phases. 
The enriched chlorophyll content of these younger shoots is likely to require higher 
levels of nutrients, especially P (Wild, 1993). Foliar tissue N and P values were also 
found by Chapman (1967) and Miller & Miles (1969) to be at higher levels in 
younger plants. 
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4.5 Conclusions 
The survey indicates that the signal from inputs of N, even within the relatively 
moderate deposition range of southern England, is detectable in vegetation and soil. 
Despite the contrasting variety of soil types and geologies across the heathlands of 
southern England, this effect has been consistently shown. Most notably, the effects 
of N deposition on foliar P concentrations suggest an accelerated uptake of P and 
altered rates of nutrient cycling. N deposition also appears to enhance the acquisition 
of P, regardless of whether conditions of potentially poor P availability exist or not. 
The study also highlights the strong relationship between soil type and geology on 
foliar chemistry. Since levels of nutrient supply (and, hence, nutrient availability) may 
be somewhat inferred from these foliar relationships, this underlines the importance of 
soil type and geology as key modifiers of heathland nutrient dynamics. In particular, 
heathland soils overlying chalk geology are highlighted as being more vulnerable to 
accelerated rates of P uptake that appear to be associated with N deposition.  
 
The study suggests that contrasting demands for nutrients and rates of nutrient use 
between different phases have altered relationships with N deposition, according to 
the age of vegetation. This is thought to be due to transitory changes in: (1) demand, 
due to decreasing growth rates and (2) nutrient supply, due to nutrient accumulation 
as vegetation matures. The study also confirms that with increasing time since 
management, a significant surface (0-5cm) accumulation of litter and soil nutrients 
also takes place. The risk level of N driven increases in productivity (and, hence, rates 
of nutrient accumulation) may be dictated by soil type and geology and the eventual 
accumulation of nutrients with increasing time since management. Heathlands based 
on chalk geology with sandy soils and a high level of N deposition may need 
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intensive management to export accumulated nutrients and overcome the combined 
issues of increased N and P availability. 
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Chapter 5 
 
Investigating N deposition 
bioindicators in Calluna-dominated 
lowland heathland systems in 
England 
 
 
5.1 Introduction  
 
Elevated rates of N deposition have the potential to increase rates of biomass 
production and nutrient cycling within heathlands (Heil & Bruggink, 1987; Aerts, 
1993; Power et al 1998, 2004; Bobbink, 1998; Bobbink et al., 1998, Lee & Caporn, 
1998; Carroll et al., 1999). This has the potential to affect vegetation dynamics, 
leading to a loss of characteristic species that had adapted to conditions of lower 
productivity. The effect of N deposition on vegetation may be modified by various 
environmental variates. In particular, the availability of other macronutrients may be a 
crucial factor determining whether changes in vegetative competition occur (Wassen 
et al., 2005). Productivity is governed by Liebig’s ‘Law of the Minimum’, a 
consequence of which is that productivity will not increase with enhanced 
atmospheric N deposition, when another nutrient is limiting (von Liebig, 1847). This 
implies that N driven changes heathland productivity may only be restricted to those 
areas of vegetation that are able to supply adequate levels of other macronutrients; 
primarily phosphorus (P) and potassium (K). The availability of these macronutrients 
may vary at various spatial scales, according to differences in soil type & structure, 
geology, climate, vegetation structure, and the intensity and frequency of habitat 
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management.  Moreover, biogeochemical compartments (vegetation, litter, humus and 
soil) may also have the capacity to immobilise and store deposited N, which 
potentially limits some of the effects of N deposition over short to medium time-
scales by restricting its availability to plants. The rates of nutrient turnover within 
these stores defines their relative capacity to immobilise N (Aerts, 1989). The 
amelioration of some of the detrimental effects of N deposition (by immobilisation of 
N) is dependent upon this capacity. Soil and litter nutrient concentrations and rates of 
soil enzyme activity may serve as suitable indicators of ecosystem N status, and, 
therefore, may be potential bioindicators of the effects and magnitude of N deposition 
inputs.  
 
The N deposition survey presented here was intended to build on the 2005 survey 
presented in chapter 5. Whereas the 2005 survey focused on the interaction between 
stand age and N deposition, the work presented in this chapter was intended to extend 
the N deposition range of the previous survey and examine combined soil, litter, 
Calluna and bryophyte indicators in order to quantify in more detail the effect of N 
deposition to heathlands at a national scale. It was considered that detection and 
quantification of the signal of N deposition, particularly if occurring across a number 
of indicators, could be used as a robust measure of the overall impact of N deposition 
to heathlands. 
 
5.1.1.1  Bioindicators 
Much work has previously been undertaken to investigate the effects of nutrient 
loading in heathland systems (and other similar semi-natural habitats). N-addition 
experiments usually involve field-scale manipulation of N inputs to whole ecosystems 
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(Power et al., 1998, 2004; Koerselman & Meuleman, 1996; Carroll et al., 1999; 
Phoenix et al., 2003; Pilkington et al., 2005). These studies have indicated that 
increases in tissue N, foliar N:P ratios and soil or litter enzyme rates may serve as 
potential bioindicators for the effects of enhanced N deposition. The field-scale 
nutrient input manipulation approach is limited, however, as it only provides evidence 
from a limited number of sites situated on a relatively narrow range of geologies and 
soil types. Manipulated N levels are also usually in addition to ambient deposition, so 
these will typically be at higher total rates of N input than are present in many non-
manipulated sites. Manipulation experiments are also usually run over the course of 
five to ten years, whereas such ecosystems may actually take decades to express long-
term responses to a disturbance of nutrient inputs (Cunha et al., 2002). Non-
manipulated systems, however, such as those examined in surveys, are likely to have 
been subject to elevated levels of N deposition for many decades. Their responses 
could potentially be more robust than those found in manipulation experiments. The 
findings of surveys, therefore, give opportunity for a more representative indication of 
the wider effects of N deposition to vegetation. They also allow potentially for 
previously experimentally observed responses to N deposition to be validated in more 
‘natural’ systems. In particular, foliar nutrient chemistry has been found to have a 
strong relationship with background N deposition levels in previous surveys (e.g. 
Pitcairn et al., 2003). Due to the above points, it may be considered worthwhile to 
examine the effect of elevated background (or point source) N pollution along 
deposition gradients at a variety of semi-natural heathland sites.  
 
There are two main approaches to field based bioindicator evaluations of N deposition 
effects: (1) techniques involving the detection of the signal of N deposition using 
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(changes in) vegetation community species composition attributable to N, such as 
Ellenberg N, the Functional N Index for Species (FNIS) or the Ndev Index (Pitcairn et 
al. 2002); (2) bioassay approaches, involving measurement of biochemical indices 
from tissue, litter and soil. In surveys, Pitcairn (1995) showed good relationships 
between present day total N deposition and tissue N in Calluna and bryophytes. 
Pitcairn et al. (1998) also found N that was depositing from ammonia point-sources 
affected the surrounding vegetation community composition, occurring up to 300m 
down-wind from livestock farms. The effects reported included a reduction in overall 
biodiversity, increasing the abundance of nitrophilous lichens, and a higher tissue N 
content of mosses, herbs and coniferous trees that doubled within the transect. Pitcairn 
et al. (2002, 2003) and Smart et al. (2004) suggested that Ellenburg N, however, was 
limited in its use as a bioindicator method for detecting N deposition, as the index is 
highly sensitive to confounding environmental factors, such as climate and 
disturbance. Pitcairn et al. (2002, 2003) suggested this may be a reason for some of 
the unexplained variance in their results. Total tissue N was found to respond more 
consistently to levels of deposition. Work by Stevens et al. (2004, 2006) suggested 
that chronically elevated background N deposition reduced species richness in 
grasslands, while also increasing levels of tissue N. Rowe et al. (2008) showed that 
tissue concentrations of macronutrients such as P & K were also increased along an N 
deposition gradient in Calluna dominated heathlands of northern Britain. Edmonson 
(2006) found that litter exchangeable N, phenol-oxidase enzyme activity and Calluna 
foliar N:P ratio could also be used as suitable indicators of N deposition in a survey of 
UK heaths. Table 5.1 gives an overview of previous N deposition survey studies of 
vegetation. 
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Table 5.1: Summary of the results from previous surveys of vegetation examining the effects of N 
deposition (n/a indicates a response that was not assessed) 
 
 
5.1.2 Hypotheses and aims 
The hypotheses of the present study were that (1) N deposition would be positively 
correlated with soil & litter N, and tissue N in Calluna and bryophytes across an N 
deposition gradient in England, and (2) rates of soil & litter acid-phosphatase (PME 
and phenol-oxidase enzyme activity would increase with N deposition load, (3) N 
deposition would increase rates of productivity, leading to increased shoot extension, 
Response reported according to N deposition Reference Habitat / species 
studied 
Gradient type 
 
Plant community Tissue chemistry Soil / litter 
Aber et al. 
(2003) 
US deciduous 
woodland 
N deposition gradient (3-
12.7 kg N ha-1 yr-1) n/a 
Foliar N 
concentration not 
affected 
Soil C:N ratios 
altered 
Angold 
(1997) 
UK lowland 
heathland 
Transects away from roads 
(0->200m) 
↑ Growth rates, changes in 
species composition 
 
n/a 
 
n/a 
Edmonson 
(2006) 
UK upland 
heathland 
N deposition gradient across 
N. England (~7 – 32 kg ha-1 
yr-1) 
n/a n/a 
 ↑ Phenol-oxidase 
activity, ↓ 
extractable NO3
N deposition gradient (4.8-
38.7 kg N ha-1 yr-1) 
 
n/a Hicks et al. (2000) 
pooooooo 
Upland heathland, 
Scotland  
 
↑ Foliar N n/a 
Jones et 
al.(2004) 
UK coastal dunes N deposition gradient (~6.9-
30 kg N ha-1 yr-1) 
↑ Plant biomass, Ellenberg 
N not affected 
Tissue N ↑ Soil C:N ratio ↑ 
Persson et 
al. (2002) 
pppppppp 
European coniferous 
woodland 
N deposition gradient (3-30 
kg N ha-1 yr-1) n/a n/a 
↑ Rates of 
mineralisation 
and litter 
decomposition 
Pitcairn et 
al. (1995) 
Bryophytes from 
Scottish Highland 
bogs and woods 
 
N deposition gradient across 
Scotland (6 – 30 kg ha-1 yr-1) n/a ↑ Tissue N n/a 
Pitcairn et 
al. (1998, 
2002, 2003) 
UK woodland Transects away from 
livestock farms (14-80 kg N 
ha-1 yr-1) 
Changes in species 
composition,  ↑ Ellenberg N 
score – but variance in this 
was large 
↑ Tissue N,  
especially in 
mosses and ↑ 
argenine content 
n/a 
Pitcairn et 
al. (2006) 
Bryophytes from 
Scotland and E. 
Anglia 
Transects away from 
livestock farms (~10-230 kg 
N ha-1 yr-1) 
 
n/a ↑ Tissue N n/a 
Power & 
Collins 
(2002) 
Calluna around 
London 
Transect away from central 
London (NOx ~30-55 ppb) n/a ↑ Foliar N, P and N:P n/a 
Rowe et al. 
(2008) 
UK upland and 
lowland heathland 
↑ Foliar N, P & K 
 
N deposition gradient across 
N. Britain (~4 – 40 kg ha-1 
yr-1) 
n/a n/a  
Smart et al. 
(2003, 
2004, 2005) 
Mixed vegetation 
across Britain 
N deposition gradient (~2.5-
50 kg N ha-1 yr-1) 
Ellenberg N score increased 
by reduced N deposition 
 
n/a n/a 
Stevens et 
al. (2004) UK acid grassland 
N deposition gradient (5-35 
kg N ha-1 yr-1) 
 
Declines in species richness 
 
n/a n/a 
Wassen et 
al. (2005) European vegetation  
N deposition gradient (5-50 
kg N ha-1 yr-1) 
 
Declines in species richness 
 
n/a n/a 
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litter and humus depths, (4) underlying field geology and soil types would also have 
an influence nutrient concentrations in plant tissue. These hypotheses were derived 
from the findings of previous vegetation surveys and from the results of manipulation 
experiments.  
 
The aims of the study were to (1) investigate if an N deposition signal can be detected 
in a range of biogeochemical heathland soil and plant compartments; (2) test whether 
experimentally derived responses to N hold in the field; (3) investigate how 
macronutrient availability varies according to N deposition or geology / soil type; (4) 
to determine if nutrient enzyme activity rates and, by implication, rates of nutrient 
turnover, are related to N deposition. 
 
 
5.2. Methods 
5.2.1.1 Field survey & sampling 
Samples were collected from 32 heathland sites (Fig. 5.1) along an N deposition 
gradient (13.3-30.8 kg ha-1 yr-1) in October 2007, using randomised co-ordinates 
within selected 25 x 25 m areas dominated by building-phase Calluna. These areas 
were appraised according to various criteria to ensure each sampling area used by the 
study would be as mutually consistent between sites as was possible. Building-phase 
Calluna stands were defined according to the descriptions given by Gimingham 
(1972). These stands predominantly contained plants with a bushy pyramidal growth 
form, of between ~20 and 70 cm in height. All collections were made from flat areas 
(or very nearly so), so as to minimise any influence of aspect. Measurements were 
also made in the field of the average current year’s shoot extension, litter and humus 
depths, and the soil profile, including underlying field geology, where possible. 
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Shoots and litter depths were measured at 25 regular points using a 5 x 5 m grid 
within the centre of the sampling area. Humus and soil profile measurements were 
made from a single 1m soil pit that was also dug within this area.  
 
 
 
 
 
 
 
 
Fig. 5.1. Location of the 32 lowland heath sampling sites in UK 
 
5.2.1.2 Sample collection 
All equipment used in sample collection or preparation was cleaned with acetone 
between each sample to prevent cross-contamination. Leaf samples were collected at 
intervals according to a regular grid pattern arrangement (grid divisions 2.5 m apart) 
within the 25 x 25 m sampling area. A representative aggregate (approximately 100g) 
from the current year’s bright green growth was made by collection from 
approximately 100 individual plants. Soil was obtained as a representative aggregate 
of n=>30 samples within the same 25 x 25 m sampling area as the leaf material, in a 
regular grid pattern (grid divisions 4.5m apart). Soil samples were collected separately 
from 0-2 cm and 0-5cm depths with litter removed, using a 3cm Ø soil auger. Where 
present, proximate samples of the litter layer and bryophyte Hypnum jutlandicum 
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were also made. All samples were insulated in an ice-containing cool box and stored 
in zip-lock bags during transit.  
 
5.2.1.3 Sample preparation 
Refrigerated soil samples at field moisture were sieved (<2mm). The 0-2cm sampling 
depth fraction of this material and fresh litter were used immediately for the 
biochemical assays that required field moisture levels (extractable N and P chemistry 
and enzyme activities). The fresh litter was homogenised before these analyses using 
a Bosch “Easymixx” food blender (Bosch, Germany). The remaining soil, litter, 
Calluna leaf and bryophyte samples were dried at 80°C for 24hrs. Soil and litter 
samples were weighed before and after drying to determine their field moisture 
content. The dried samples were then processed in a ball-milling machine (Glen 
Creston, England) for 3 minutes until reduced to a homogenous fine powder.   
 
5.2.1.4 General laboratory procedures 
General laboratory techniques and quality control procedures followed exactly those 
given in more detail in 2.2.2.  
 
5.2.1.5 Total N & P digest 
Leaf and soil samples were digested by Kjeldahl (3ml H2SO4 + Se catalyst) digest at 
400°C for 2 or 3 hrs respectively, according to the total Kjedahl N or phosphorus 
method of Allen (1974). These procedures followed exactly those given in Chapter 2 
and were analysed by Skalar automated methods given in 2.2.2. 
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5.2.1.6 Extractable N & P 
Extractable (plant available) ammonium and nitrate (N) were extracted from prepared 
soils and litter using 1M KCl, according to the method in Allen (1974). These 
procedures followed exactly those given in Chapter 2 and were analysed by Skalar 
automated methods given in 2.2.2. 
 
5.2.1.7 pH measurements 
The pH of each soil sample was measured using a 1:2 w/w suspension of fresh soil : 
distilled water and a pH meter (Mettler Toledo, Switzerland), as described by Allen 
(1974). These procedures followed exactly those given in more detail in 4.2.2.  
 
5.2.1.8 Phosphatase activity 
PME activity was assessed according to the method of Tabatabai & Bremner (1969). 
These procedures followed exactly those given in more detail in 2.2.2. 
 
5.2.1.9 Phenol-oxidase activity 
Soil and litter phenol-oxidase enzyme activities were each assayed according to an 
adapted method of Pind et al. (1994). 9 ml of distilled water was mixed with 1g of 
prepared fresh soil or litter to form an initial soil solution. 3ml of this solution was 
diluted further by 4.5 ml distilled water and mixed with 7.5 ml of 10 mM 
dihydroxyphenyl alanine (L-DOPA) in a conical flask. A paired non-reactive assay 
control for each sample was prepared by repetition of the above steps, except in this 
case the L-DOPA component was replaced by 7.5 ml of distilled water. The assays 
were shaken in a rotary shaker at room temperature for nine minutes, then transferred 
to centrifuge tubes and centrifuged for five minutes at 6,000 rpm. After centrifuging, 
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the supernatant liquid was extracted by pipette and transferred to a polycarbonate 
cuvette to be measured for optical absorbance at 460 nm. The same Perkin Elmer UV-
vis spectrophotometer as used for the phosphatase assay was employed here. In the 
same way as the phosphatase assay, the spectrophotometer was zeroed before each 
sample to a reading from the paired non-reactive assay control. The assay relies on the 
formation of a red coloured compound, 2-carboxy-2,3,-dihydroindole-5,6-quinone 
(dicq), by the enzymic oxidation of L-DOPA (Pind et al., 1994). The concentration of 
this compound according to the optical absorption reading is calculated according to 
the Beer-Lambert law (Fig. 2). 
 c = A/εl 
 
c = concentration of dicq (mol l-1) 
A = absorbance of sample 
ε = molar absorption coefficient for dicq (37,000) 
l = path length of cuvette (1cm) 
 
 
 
Fig 2. Calculation of dicq concentration for phenol oxidase activity assay according to the Beer-
Lambert law. Adapted from Pind et al. (1994) 
 
5.2.1.10 Soil organic matter 
Soil organic matter (SOM) was assessed by combustion of air dried soil (> 48 hrs @ 
80 ºC) to ash at 400 ºC for 8hrs according to the method of Allen (1974). ). This 
technique followed exactly that given in more detail in 4.2.2. 
 
5.2.1.11 Statistical analysis 
Outliers were removed from the dataset using Dixon’s test for outliers. This excluded 
different combinations of sites from several indices, although these mainly involved 
indices of tissue chemistry. Exclusions were also made if the Cook’s distance for any 
data point, read from the diagnostic output in the R statistical package, was > 1. This 
measure detects the analytical influence for each data point in the regression, if the 
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Cook’s distance of an individual data point is >1 this indicates excessive leverage for 
that point and it should be excluded (Crawley, 2002).  The remaining dataset was 
analysed for normality and homogeneity of variance. Where necessary the appropriate 
transformation was applied and these data were re-checked to ensure they now passed 
the criteria for parametric testing. Relationships between continuous variables were 
tested by linear and non-linear regression in the R statistical package version 2.4.1 
(The R Foundation for Statistical Computing, 2006). ANalysis Of VAriance (ANOVA) 
or ANalysis Of COVAriance (ANCOVA) was used in the same computer program to 
allow testing of continuous variable(s) against a categorical one, such as geology.  
Modeled N deposition values were provided by CEH, Edinburgh (Rognvald Smith, 
pers comm.). Owing to the degree of scatter in the data, the most appropriate shape for 
most regressions was difficult to ascertain. A combination of linear or non-linear 
models was tested, therefore, to find which fitted best. A non-linear model was 
eventually used for only one of the relationships with N deposition, foliar N:P ratio, 
all other regressions were linear.  
 
5.3. Results 
5.3.1.1 Relationships with N deposition: tissue chemistry 
Plots of the regressions with N deposition are given in Figures 5.3 & 5.4 and are 
described in Table 5.2. The significant relationships with N deposition were generally 
in a positive direction. Foliar N had a significant linear, positive relationship with 
total N deposition only (P <0.05, r2= 0.16), whereas foliar P was positively correlated 
with reduced N deposition (P <0.01, r2= 0.25) and total N deposition (P <0.01, r2= 
0.23). The positive relationships with N deposition for both foliar N and foliar P may 
have modified the relationship between foliar N:P ratio and N deposition. The only 
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significant relationship in this case was with total N deposition, and in this case the 
strongest model fit was obtained with a polynomial function (Fig. 5.3 c). According to 
the curved shape of this line, foliar N:P ratio is reduced between 13 – 20 kg ha-1 yr-1 
and gradually increases at levels of deposition above this point. There were no 
significant relationships between bryophyte (Hypnum jutlandicum) tissue chemistry 
and N deposition. 
Response variable 
n 
Total 
N 
deposit
ion 
Oxidised N 
deposition 
Reduced N 
deposition 
Plant  Calluna foliar N (d.f.N = 1, d.f.D = 31) 32 
F = 6.0 
*  + n/s n/s 
 Calluna foliar P (d.f.N = 1, d.f.D = 31) 32 
F = 9.1 
**  + n/s F = 10 **  + 
 Calluna foliar N:P (d.f.N = 1, d.f.D = 31) 32 
F = 3.6 
* n/s n/s 
 Hypnum jutlandicum tissue N (d.f.N = 1, d.f.D = 28) 29 n/s n/s n/s 
 Hypnum jutlandicum tissue P (d.f.N = 1, d.f.D = 28) 29 n/s n/s n/s 
 
 
Litter Litter N (d.f.N = 1, d.f.D = 28) 29 
F = 7.0 
*  + n/s F = 5.1 *  + 
 Litter extractable NH4 (d.f.N = 1, d.f.D = 27) 28 n/s n/s n/s 
 Litter extractable NO3 (d.f.N = 1, d.f.D = 28) 29 n/s n/s n/s 
 Litter extractable N (d.f.N = 1, d.f.D = 28) 28 n/s n/s n/s 
 
 
Litter  P (d.f.N = 1, d.f.D = 28) 29 
F = 6.2 
*  + n/s F = 3.9 *  + 
 Litter extractable P (d.f.N = 1, d.f.D = 26) 27 n/s n/s n/s 
 
 
Litter PME activity (d.f.N = 1, d.f.D = 28) 29 
n/s F = 4.5 *  + F = 6.5 *  - 
 Litter phenol oxidase activity (d.f.N = 1, d.f.D = 28) 29 n/s n/s n/s 
 
 
Litter depth  (d.f.N = 1, d.f.D = 29) 30 
F = 5.8 
*  + n/s F = 6.7 *  + 
 
 
Soil Soil N (d.f.N = 1, d.f.D = 31) 32 
F = 5.9 
*  + n/s n/s 
 Soil extractable NH4 (d.f.N = 1, d.f.D = 29) 30 n/s n/s n/s 
 Soil extractable NO3 (d.f.N = 1, d.f.D = 29) 30 n/s n/s n/s 
 Soil extractable N (d.f.N = 1, d.f.D = 29) 30 n/s n/s n/s 
 Soil P (d.f.N = 1, d.f.D = 31) 32 
F = 
22.4 
***  + n/s F = 12.2 **  + 
 Soil extractable P (d.f.N = 1, d.f.D = 28) 29 
F = 4.8 
*  + F = 6.4 *  + n/s 
 Soil PME activity (d.f.N = 1, d.f.D = 29) 30 n/s F = 6.7 *  + F = 5.5 *  - 
 Soil phenol oxidase activity (d.f.N = 1, d.f.D = 29) 30 n/s F = 8.2 **  + n/s 
 Soil organic matter (SOM) (d.f.N = 1, d.f.D = 31) 32 n/s n/s n/s 
 pH (d.f.N = 1, d.f.D = 29) 30 n/s n/s n/s 
 
Field measurements Canopy height (d.f.N = 1, d.f.D = 31) 32 n/s n/s n/s 
 Calluna shoot growth (d.f.N = 1, d.f.D = 31) 32 n/s n/s n/s 
 Humus depth (d.f.N = 1, d.f.D = 25) 26 
F = 
10.3 **  
+ 
n/s n/s 
Table 5.2: Statistical summary table for regressions with modelled N deposition values. Where N 
deposition type is given, this is according to the most (or only) significant relationship. * P < 0.05, ** 
p  <0.01, *** p  <0.001,  n/s = non-significant. Direction of significant relationships denoted by + / - 
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5.3.1.2 Relationships with N deposition: soil and litter chemistry 
Plots of these regressions are given in Figures 5.4, 5.5 & 5.6. Total soil N was 
significantly related to total N deposition (P <0.05, r2= 0.17) only, soil P correlated 
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Fig. 5.3. Scatter plots of total N deposition against tissue and litter chemistry:  (a) Calluna foliar N, (b) 
Calluna foliar P, (c) Calluna foliar N:P ratio, (d) Hypnum tissue N (e) litter N,  (f) litter P. If no regression 
line is given this indicates the analysis was non-significant. n = 26-32 
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most strongly with total N deposition also (P <0.001, r2= 0.43), but also had a 
significant positive relationship with reduced N (P <0.01, r2= 0.29). Soil P and 
oxidised N deposition were significantly related, however, when parent material was 
included as a factor in an ANCOVA analysis (P <0.01). Litter N and P concentrations 
both had similar positive relationships with total N and reduced N deposition (Figure 
5.3 e,f ). In both cases the relationship with total N deposition was strongest (litter N:  
P <0.05, r2= 0.20, litter P: P <0.05, r2= 0.18). There were no significant relationships 
between N deposition and soil or litter extractable N, however soil extractable P was 
significantly correlated with total N deposition (P <0.05, r2= 0.15) and oxidised N 
deposition (P <0.05, r2= 0.19). Litter extractable P did not have any significant 
relationships with N deposition. 
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Fig. 5.5. Scatter plots of total N deposition against litter chemistry:  (a) litter extractable NH4, (b) litter 
extractable NO3, (c) litter extractable N, (d) litter PME activity, (e) litter phenol oxidase activity,  (f) litter 
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5.3.1.3 Relationships with N deposition: soil and litter enzymes 
Plots of these regressions are given in Figures 5.6 & 5.8 Soil enzyme activities were 
most strongly related to oxidised N deposition. Six sites were excluded from the PME 
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Fig. 5.6. Scatter plots of total N deposition against concentrations of  soil chemistry:  (a) total soil N, (b) 
total soil P, (c) soil extractable NH4, (d) soil extractable NO3, (e) soil extractable N,  (f) soil extractable P. 
If no regression line is given this indicates the analysis was non-significant. n = 26-32 
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analysis on the basis of having very low soil organic matter (SOM) values (<9%), this 
was due to the significance of organic matter on PME activity.  Soil PME activity had 
a significant positive relationship with oxidised N (P <0.05, r2= 0.22), however, the 
also significant relationship with reduced N (P <0.05, r2= 0.12) was in a negative 
direction. Soil phenol oxidase activity was positively correlated with oxidised N 
deposition only (P <0.01, r2= 0.23). The only significant relationships with litter 
enzymes were for PME activity. Reduced N and oxidised N deposition each had 
significant relationships. Similar to soil PME activity, the relationship with reduced N 
was in a negative direction (P <0.05, r2= 0.19) and the relationship with oxidised N 
was a positive (P <0.05, r2= 0.14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.7: Scatter plots of total N deposition against soil enzyme activity: (a) soil PME activity, (b) soil 
phenol oxidase activity, both non-significant on regression. n = 26-32 
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Fig. 5.8. Scatter plots of total N deposition against 
soil and site characteristics: (a) SOM, (b) soil pH, 
(c) canopy height, (d) shoot growth, (e) canopy 
height. If no regression line is given this indicates 
the analysis was non-significant. n = 26-32 
 
 
 
 
 
 
 
 
Fig. 5.9: Scatter plots of oxidised N 
deposition against soil enzyme activity: 
(a) soil PME activity, (b) soil phenol 
oxidase activity. n = 26-32 
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5.3.1.4 Relationships with N deposition: field measurements and soil characteristics 
Several of the field measurements taken from each site also had significant 
relationships with N deposition. Plots of these regressions are given in Fig. 5.7. Litter 
depth was most strongly related to reduced N (P <0.05, r2= 0.19) and also had a 
significant relationship with total N (P <0.05, r2= 0.17). Humus depth had a strong 
positive relationship with total N (P <0.01, r2= 0.29) and a weaker one with reduced 
N (P <0.05, r2= 0.16) (Table 5.2). Canopy height and shoot extension were both non-
significant in all cases. Soil organic matter and pH were not significantly related to N 
deposition either. 
 
5.3.2 Relationships between soil enzymes and other variables 
Plots of the regressions between phenol oxidase activity or PME activity and other 
variables are given in Figures 5.10 & 5.11, and these relationships are also described 
by the matrix given in Table 5.3. Soil phenol-oxidase activity had a strong positive 
relationship with total soil N (p <0.001, r2 = 0.30), soil extractable N (p <0.01, r2 = 
0.30) and SOM (p <0.001, r2 = 0.38). Litter phenol-oxidase activity was strongly and 
positively correlated with litter N (p <0.001, r2 = 0.39) and litter P (p <0.001, r2 = 
0.47). Weaker, but significant positive relationships were found with litter extractable 
N (p <0.01, r2 = 0.33) and litter extractable P (p <0.01, r2 = 0.24). The positive 
direction of these relationships suggests that increased phenol-oxidase activity may be 
related to more mesotrophic conditions, where nutrient availability is generally 
higher. 
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 Independent variable 
 
  
Litter 
extractable  Calluna foliar  Calluna  Calluna  
foliar N:P 
Soil extractable  Soil extractable Litter extractable  Response 
variable N P N foliar P N P     
Soil phenol-
oxidase 
++  
F = 12.2 n/s n/s n/s n/s n/s n/s n = 30 
(d.f.N = 1, d.f.D = 29) 
    
Litter phenol-
oxidase 
n/s n/s n/s 
+   
F = 7.1 
n = 29 
(d.f.N = 1, d.f.D = 28) 
n/s 
++   ++   
F = 14.3 F = 8.9 
n = 29 
(d.f.N = 1, d.f.D = 28) 
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Soil P + 
F = 6.4 
n = 30 
(d.f.N = 1, 
n/s n/s n/s 
d.f.  = 29) D
Table 5.3: Summary matrix of statistical comparisons for soil 
and litter enzyme activities with other parameters. Significance 
and direction (+/-) of relationship given: + / - p  <0.05, ++ / -- 
p  <0.01, +++ / --- p  <0.001,  n/s = non-significant. 
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Fig. 5.10: Scatter plots of phenol oxidase activity against other variables: (a) litter N against litter 
phenol oxidase, (b) litter P against litter phenol oxidase, (c) litter phenol oxidase against litter 
extractable N, (d) litter phenol oxidase litter extractable P, (e) soil phenol oxidase against soil 
extractable N, (f) SOM against soil phenol oxidase. n = 26-32 
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Fig. 5.11: Scatter plots of PME activity against other variables: (a) soil PME against soil extractable N, 
(b) soil PME against foliar P, (c) litter PME against Calluna foliar P, (d) litter P against soil PME 
activity. n = 26-32 
 
 
Soil PME activity was most strongly correlated with soil extractable N (p <0.001, r2 = 
0.42), and Calluna foliar P (p <0.001, r2 = 0.31). Litter PME correlated strongly with 
total litter P (p <0.001, r2 = 0.39), and Calluna foliar P (p <0.001, r2 = 0.41). Positive 
significant relationships were found between soil PME and soil extractable N, soil N, 
and SOM. This indicates that raised PME activity may be associated where larger 
mobile and immobile N pools exist in the soil. The significant litter PME 
relationships, however, were all in a negative direction, which suggests that in litter, 
raised PME activity may be associated with conditions of reduced nutrient supply. 
Given that PME is an enzyme that helps to access and mobilise organic P, it is 
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unexpected that there were not more significant relationships between PME activity 
and other P related indices. Some of the significant relationships were in a negative 
direction, most notably PME activity in soil and litter, which were each both 
negatively correlated with foliar P.  
 
5.3.3 Relationships with geology and soil type 
 
One-way ANOVA was used to investigate if any links existed individually between 
each of the biochemical indices and geology or soil type. Geological information was 
obtained from the British Geological Society (BGS, 2007), or from soil profile 
observations in the field. Soil type was also verified according to information from the 
Soil Survey of England & Wales (1980). To enable a meaningful analysis of these 
data, the descriptions for geology and soil type were each reduced to several 
simplified categories. The five derived categories for geology were “chalk”, “clay”, 
“granite”, “gravel”, “gritstone”, “sand” and “sandstone”. The soil categories were 
defined as “brown earth”, “gravel”, “organic-sand”, “mainly organic”, “silt” and 
”sand”. Analysis of these data revealed a significant relationship between geology and 
foliar P (p < 0.01), and soil P (p <0.001). The highest mean foliar P value was found 
on chalk geology, whereas the highest mean soil P value was present on gritstone. 
PME activity (p <0.05) and phenol-oxidase activity (p < 0.01) were also found to be 
significantly related to soil type. The highest mean PME and phenol oxidase activities 
both derived from the “organic” soil types. 
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5.4. Discussion 
5.4.1 Relationships with N deposition: overview 
Despite a large degree of variability inherent in surveys of this type, several highly 
significant relationships were found between important biochemical and soil indices, 
and N deposition. Overall, total or reduced N deposition related most strongly with 
these, with oxidised N being generally non-significant. Most of the relationships with 
N deposition were positive, suggesting that increased N supply may accelerate the 
acquisition, uptake, and turn-over of nutrients (including N & P).  
 
5.4.1.1 Relationships with N deposition: Calluna and bryophyte tissue N, and litter 
and soil N 
The positive relationships with N deposition for Calluna vulgaris tissue N, litter N 
and total soil N were expected; as these are in accordance with empirically observed 
responses to N addition determined elsewhere (e.g. Iason & Hester, 1993; Carroll et 
al., 1999; Bobbink, 1998; Power et al., 1998; Power et al. 2004) and results from 
other similar surveys (Rowe et al., 2008; Edmonson, 2007; Sheppard et al., 2004). 
This confirms that the effects of N deposition may be directly detected in heathland 
vegetation on a large-scale, most particularly in tissue and soil total nutrient 
chemistry. The consistent biological response in Calluna tissue indicates that, even 
within a relatively moderate N deposition gradient (13.3 – 30.8 kg ha-1 yr-1), N 
deposition may be altering the normal functioning of this ecosystem at a national 
scale. It is not known, however, why no effect was found in the correlations with 
bryophyte tissue N. Strong relationships with N deposition in bryophyte tissue have 
been reported elsewhere (Pitcairn et al., 1995, 1998, 2002, 2006), indicating that these 
plants may be physiologically sensitive to N inputs. There may be confounding 
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factors in the present study, however, such as growth dilution effects, or the 
interception of deposited N by a closed Calluna canopy, that could have affected the 
bryophyte response.  
 
5.4.1.2 Relationships with N deposition: Calluna tissue P 
It was less expected that tissue P would also be significantly positively correlated with 
N deposition. The regression line of Calluna foliar tissue P (Fig. 5.4 b) suggests that 
tissue P has a stronger relationship with N deposition than it does with tissue N. 
Tissue P is shown to increase with N load at a greater rate than tissue N. According to 
Koerselman & Meuleman (1996), Gusewell et al. (2003) and Gusewell (2004), N 
induced productivity changes should eventually lead to P limitation, indicated by 
higher tissue N:P ratios. However, the results of the present study suggest that tissue 
N:P ratio is initially decreased by N deposition, suggesting that the acquisition of P is 
actually enhanced by N supply, at a rate which more than accounts for the increased 
uptake of N by Calluna. This interpretation is also supported by the results for soil 
PME, which suggest that N deposition increases the activity of this enzyme (where 
there is an adequate supply of soil organic matter). The response of soil PME is in 
accordance with the findings of Johnson et al. (1999) and Pilkington et al. (2005), 
who showed a similar relationship with N deposition. An increase in soil PME 
excretion (and therefore activity rate) is necessary for soil microorganisms to acquire 
and mobilise organic P. Given the extra biological demand for P that is an expected 
outcome of N deposition, soil organisms may be driven to acquire P by breakdown of 
organic stores of P, which is facilitated by PME. Such a mechanism may also provide 
an explanation for the observed increase in foliar tissue P concentrations in areas 
subject to high N deposition rates. Alternatively, N deposition could conceivably have 
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reduced soil pH, which will have increased P mobility, however, no significant 
relationship between N deposition and soil pH was found. 
 
5.4.1.3 Relationships with N deposition: litter and soil P 
The positive response in Calluna tissue P with N deposition was matched by parallel 
changes total soil and litter P, which also increased with N deposition. As a corollary 
of the increase in foliar tissue P (in response to N deposition) outlined above, litter P 
would also be expected to increase and this is indicated in the results of the survey. 
However, as tissue and litter P will have been almost entirely acquired from the soil, 
total soil P might also be expected to fall in response. The results suggest a positive 
relationship, however. This anomaly may be explained by a possible (N driven) 
vegetational acquisition of P in the rooting zone, occurring from below the 0-5cm 
sampling depth used in the survey. Any P extracted from deeper in the soil profile will 
eventually be re-combined with the soil at shallower depths, as Calluna tissue and 
litter are decomposed. Given this interpretation, soil and litter P at shallow depths 
would both be effectively increased in response to N. An investigation the into rates 
of P mineralisation from litter that was collected from an N manipulation experiment 
by Pilkington et al. (2007) indicated that N deposition increased rates of P 
mobilisation. Some of the P that was mineralised from litter would be expected to 
accumulate in the upper layers of the soil. Edmonson (2007) did not find any 
relationship between N deposition and litter P in a survey of moorland. There has 
been limited previous research to date into the effects of N deposition on total P in 
litter and soil. 
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5.4.1.4 Relationships with N deposition: extractable N 
There was no correlation between N deposition and extractable litter or soil N. This 
does not accord with the previous findings of Magil et al. (1997); Lovett et al. (1999) 
and Aber et al. (1993), who all found a significant positive soil correlation with N 
addition rates to temperate forest soils. Edmonson (2007) also found a similar 
relationship to these forest studies in heathland litter. An explanation may be provided 
by the fact that extractable N is a temporally variable index, which is subject to 
variations of uptake and leaching loss of mobile N at the time of sampling. Thus, 
extractable N may not be a clear representation of the long-term effects of N 
deposition in soil or litter. Given increased productivity, the mobile N pool may also 
be prone to accelerated biological uptake (and immobilisation), hence, less extractable 
(bioavailable) N may hypothetically exist in heathlands with higher rates of N 
deposition. Conversely, this relationship might also be modified by conditions of 
increasing N saturation, whereby biological immobilisation is thought to be 
suppressed by low C:N ratios in the soil (Michel & Matzner, 2002). Under these 
conditions, a reduced level of immobilisation would effectively increase the mobile N 
pool, resulting in a greater level of extractable N.  
 
5.4.1.5 Relationships with N deposition: extractable P, and PME activity 
It is not entirely unexpected that extractable P was increased by N deposition, given 
the evidence presented here and in other studies showing an enhancement of PME 
activity with increasing N inputs (Johnson et al., 1999; Pilkington et al., 2005). 
Although PME activity is not directly related to P mobility (and levels of extractable 
P), rates of activity are likely to be linked the mobilisation of P from organic sources. 
As PME is used to mobilise organically bound P (Sheppard et al., 2004), relationship 
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with extractable P only accounts for P that will have been mobilised from organic 
material in the soil.  
 
5.4.1.6 Relationships with N deposition: phenol oxidase activity 
Soil phenol-oxidase activity was accelerated by N deposition, which is in contrast to 
the findings of a similar study of moorland enzyme activities by Edmonson (2007), 
who found no such relationship. However, Edmonson (2007) only looked at enzymes 
in litter rather than soil. The relationship with litter phenol oxidase activity in the 
present study was non-significant, which is similar to the findings of Edmonson 
(2007). Phenol-oxidase is thought to play a fundamental role in the decomposition of 
phenolic compounds in litter and organic matter in the soil, helping to mobilise 
organic nutrients (Freeman et al., 2001). Other investigations on phenol-oxidase 
activities in temperate forest litter have ascribed the negative relationships with N 
deposition as due to inhibition of the microbial degradation of lignin under conditions 
of high N saturation (Carreiro et al., 2000, Sinsabaugh et al., 2002). The results of the 
present study, however, suggest that N deposition may accelerate the activity of 
phenol-oxidase in heathland soil. This may be biologically driven, as a greater 
demand for mobile nutrients may be a direct outcome of higher N loadings. Further to 
this, deposition rates occurring to heathlands within the present study may not be high 
enough to cause similar effects of N saturation. 
 
5.4.1.7 Relationships with N deposition: shoot extension, canopy height and organic 
matter accumulation 
 
The lack of significance of relationships between N deposition, and Calluna shoot 
extension and canopy height do not support the hypothesis that N deposition may 
drive increased levels of productivity (and also faster nutrient turnover rates) in 
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heathlands. This hypothesis is based on the sustained increased productivity response 
to N that has been found in some N limited manipulation experiments (e.g. Uren et 
al., 1997). However, a strong positive effect of N deposition was found on humus 
depth, and similarly for litter depth. As shoot extension is directly influenced by inter-
annual climatic variations, which will differ greatly between sites, humus and litter 
depth may potentially be more consistent long-term measures of overall productivity 
(alongside total above ground biomass), hence they have a better relationship with N 
deposition. The data obtained for present day N deposition are thought likely to be 
similar, in relative terms, to historical N deposition levels at each of the survey sites 
over the last 50 years (Fowler et al., 1998). Hence, a greater accumulation of humus 
and litter in areas with higher N deposition suggests that in the long-term, N 
deposition may be linked to productivity increases in heathlands. However, this 
interpretation must also be balanced with judgments about decomposition rates also 
being potentially inhibited by N deposition. Litter may have accumulated in high N 
deposition areas in combination with inhibited decomposition rates, rather than this 
increase being directly indicative of increased plant productivity.  
  
5.4.2 Relationships between enzymes and other indices 
Phenol-oxidase activity had significant relationships with other soil and plant nutrient 
indices, particularly those relating to soil nutrient availability and Calluna foliar 
nutrient concentrations. These relationships were all in a positive direction, but it is 
difficult to confidently and directly attribute causality in several cases. Because 
phenol-oxidase activity appears to also be strongly driven by N deposition, in a 
similar way to some of the other indices of nutrient mobility and uptake (including 
PME activity), it may be that each of these variates are simply co-correlated with N 
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deposition. As phenol-oxidase is involved in the breakdown and mobilisation of 
nutrients from organic matter (Freeman et al., 1994), increased levels of extractable N 
and extractable P could be a potential outcome, where phenol oxidase activity is 
greatest (provided that these mobilised nutrients are not taken up by organisms and 
biologically immobilised). It is possible that the positive relationship with foliar P has 
in part derived from a greater availability of mobile P, which may be due to enhanced 
decomposition of organic matter subject to higher rates of phenol oxidase activity.  
 
The situation with PME activity and soil or foliar nutrient concentration is less clear, 
however, as the significant relationships were paradoxically found to be in opposite 
directions in litter and soil (Table 5.3). In the first instance, the negative correlation 
with total P with reduced N suggests that PME activity is driven by biological demand 
for this nutrient. A similar negative relationship was also found between litter and soil 
PME activity and foliar P, which is also in accordance with the findings of Phoenix et 
al. (2003) and supports their hypothesis that PME activity is related to overall 
biological demand for P. Conversely, in soil, a positive relationship with total soil N 
and PME activity was found. As total soil N was also correlated with N deposition, it 
may be that both these factors are co-correlated, so total N appears to be driving PME 
activity in soil, whereas in effect this response is due to N deposition.  
 
5.5 Conclusions 
The survey suggests a number of suitable bioindicators of N deposition, including: 
foliar N & P; and total soil N & P. Unexpectedly, P related indices feature strongly 
overall, suggesting that the most significant indicators of N deposition detectable in a 
national-scale survey are those that are linked to the accelerated uptake and 
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acquisition of P. Conventional interpretations have postulated that P limited 
heathlands are less likely to undergo N deposition driven changes in productivity, 
because P availability is a limiting factor (Riis-Nielsen, 1997, Aerts & Berendse, 
1988).  However, the data presented here imply that elevated levels of N deposition 
may enhance the acquisition of P, regardless of whether a heathland is P limited or 
not. Owing to the significant shifts in nutrient dynamics that are suggested by the 
study, P limitation in itself may not actually be able to deter long-term changes in 
normal vegetation functioning, given the current N deposition climate. 
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Chapter 6 
 
General Discussion 
 
 
The main aim of this investigation was to quantify the effects of N deposition within a 
range of lowland heathlands in the UK, using experimental manipulations of N and 
wide-scale surveys. As nutrient availability may vary between heathland areas, an 
attempt was also made to establish how this may affect responses to N deposition. 
The rate of ecosystem recovery following cessation of enhanced N inputs was also 
evaluated. Given that all heathlands are subject to a system of cyclical management at 
differing levels of intensity and frequency, the interactions between this process and 
N deposition effects was investigated. The following section summarises these 
findings and addresses their implications for environmental policy and general 
heathland conservation, giving recommendations for future research. 
 
6.1 Key findings arising from the study 
6.1.1 The effects of N deposition at Thursley 
The N addition experiment at Thursley was in its ninth season of post-management 
re-growth before the wildfire that occurred in 2006. Until this point, the vegetation 
had showed ongoing responses to N inputs, primarily relating to the accelerated 
growth and development of Calluna. In addition to this, N deposition had detrimental 
effects on below-canopy flora, comprising lichens and bryophytes, which was likely 
to be a result of increased rates of canopy development and light interception. None of 
the changes in vascular plant composition that have taken place in other experiments, 
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as a result of shifts in competitive dynamics (Heil & Deimont, 1983; Cawley, 2001), 
were found at Thursley, however, the experimental area is particularly species poor 
(typically no more than 4 vascular plant species per 2m x 2m experimental plot).  
 
The duration and consistency of productivity increases at Thursley is remarkable in 
comparison with several other heathland manipulation studies that have showed either 
no Calluna growth response, or an initial short-term response that is lost over a few 
growing seasons (Heil & Diemont, 1983, van der Eerden & Dueck (1992), Riis-
Nielson, 1997, Cawley, 2001, Carroll et al., 1999). N addition in both experiments at 
Thursley (7.7 - 30 kg N ha-1 yr-1) is toward the lower end of the range for all 
heathland manipulation experiments in Europe (1.75 – 120 kg N ha-1 yr-1 (Cunha, 
2002)) and is certainly lower than any other experiments that have found increases in 
productivity. The short-lived productivity response observed in some other 
experiments has been attributed to a level of N saturation (and P limitation) that is an 
expected outcome after a sustained period of N inputs at high levels. The higher levels 
of N addition of other experiments (e.g. 40 – 120 kg N ha-1 yr-1 as NH4NO3)(Carroll et 
al., 1999) is likely to have encouraged more rapid development towards a N saturated 
situation.  
 
The lower levels of N that were applied in the present study to Thursley were used 
because previous experimentation had showed this site was particularly sensitive to N 
(Uren et al., 1997). The ongoing growth rate responses before the wildfire of 2006 
suggest that, despite nine years of N inputs, this site was not yet saturated with N. An 
interpretation of this finding is that this response has arisen because the soil at 
Thursley is able to supply levels of P that are adequate relative to the experimental 
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inputs of N. A total nutrient analysis of the soils by Green (2005), however, suggested 
that this was unlikely. By comparison, the total soil P concentration at Thursley is 
well below the median for other UK heathlands (from survey data presented in 
Chapter 5), which suggests that relative P availability may also be lower than other 
heathlands. It may be suggested alternatively, therefore, that N inputs to the 
experimental site are simply being lost to leaching, particularly given the highly sandy 
nature of the soil at this site. However, an investigation into the fate of deposited N at 
Thursley by Green (2005) showed that the overwhelming majority of deposited N was 
retained by the soil, being mostly immobilised in the microbial biomass. Although 
some of this microbial N will become available to plants when these microbes die, 
decompose and are re-mineralised, Phoenix et al. (2003a) indicated that much of that 
microbially-mineralised N is immediately re-immobilised by the microbial 
community. This microbially immobilised long-term store of N (from which only a 
small fraction of N is released over time) may explain why ongoing increases in 
productivity have occurred at Thursley. If this store had become saturated by N 
addition, the soil would be replete with (an abundance of) mobile N. As a result, a P 
limited situation would arise and further productivity responses to ongoing N addition 
would most likely be lost. 
 
Whether Thursley is atypical in this respect is currently unclear. The range of N 
manipulation studies carried out on heathlands and other similar habitats are difficult 
to compare directly, due to inconsistent levels of N addition, forms of N applied 
(NH4SO4 at Thursley vs. NH4NO3 more widely used in other experiments) and 
varying degrees of experimental duration. However, several lowland heathland 
manipulation experiments have each directly highlighted overall reductions in 
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Calluna competitiveness that arise from a combination of increased frost sensitivity, 
heather beetle damage and premature opening up of the canopy, rather than deriving 
from direct effects on productivity (Cunha, 2002). The distinct long-term increases in 
productivity seen at Thursley have not been detected to the same extent elsewhere. 
This suggests that Thursley may be representative of the heathland which responds to 
N deposition in a way that is appropriate to the climate, geology and soil type of 
southern England. Given that most southern English heaths are also very similar to 
Thursley (i.e. based on podzolic sandy soils that have developed from greensand 
geology), this class of heathland represents a significant and characteristic constituent 
class of lowland heathland in the UK. The high level of sensitivity to N deposition at 
Thursley may be representative of the wider effects of N deposition to similar English 
heathlands. Given the significance of these heathlands in the scale of the total 
European lowland heathland area (English Nature, 2002), the results from Thursley 
may be highly meaningful. 
 
6.1.2 P limitation as a modifier of N deposition effects 
Experimentation on the heathland mesocosms was intended to evaluate how P 
limitation modifies the effects of N deposition to lowland heathland. Given the P 
limitation status of these mesocosms, it was expected that there was no increase in 
Calluna productivity with increased N inputs. The changes that did occur were related 
only to a loss in below-canopy bryophytes, changes in tissue chemistry and an altered 
expression of shoot phenology. Given the increases in shoot length, canopy height, 
canopy density and flowering with N and P that were reported from previous years’ 
experimentation on the mesocosms by Green (2005) and Rose (2004), the lack of 
responses in the present study were unexpected. It is likely that experimental 
 202
conditions during 2005 – 2007 had constrained these responses, particularly as the 
roots were becoming increasingly pot-bound and the canopy had begun to collapse. 
By the time of the final harvest, the pot bound roots were likely to have contributed to 
water stresses, thus limiting all growth responses.  The lack of an effect in the 
biomass harvest to P or N + P in current year’s growth is likely to be due to these 
limitations of water availability.  
 
An increased rate of canopy development with N deposition at Thursley was thought 
to be responsible for the reduced bryophyte cover, occurring due to light interception. 
This effect was not thought to be an issue in the mescosms due to the process of 
canopy collapse that took place. The losses of bryophyte cover in the mesocosms have 
most likely been due to the direct phytotoxic effects of NH4. The phytotoxic effect of 
this N compound on bryophytes has previously been suggested by Limpens et al. 
(2003a,b), Heijmans et al. (2001) and Paulissen et al. (2004). Regardless of the lack 
of Calluna productivity changes in the mesocosms, consistent changes were detected 
in Calluna shoot phenology, which is a significant change in the normal functioning 
of a characteristic heathland plant, occurring due to N deposition. An analysis of plant 
tissue and litter chemistry from the total above-ground harvest also showed an 
increased N concentration in the Erica, bryophyte, total above-ground biomass and 
litter compartments in response to N. These changes in tissue chemistry suggest that 
plants in P limited heathland systems may be responsive to increased N inputs. 
Furthermore, the increase in litter N also suggests that N may potentially accumulate 
in such systems.  
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Primarily, most detrimental changes that take place in P limited heathland ecosystems 
under elevated N deposition are thought to relate to reductions in the overall 
competitiveness of Calluna that may lead to opening up of the canopy and invasion of 
other species (Cunha, 2002). One of the limits of the mesocosm experiment was that it 
was not practical to investigate these competitive interactions with invasive grasses 
such as Molinia. Heather beetle outbreaks were also not a direct part of the 
experiment, so it was only possible to observe the direct responses in vegetation 
growth or tissue nutrient chemistry, which, apart from the N related drought damage 
reported by Green (2005), were relatively limited, especially during 2005 - 2007. The 
modelling investigation by Terry et al. (2004) indicated that canopy damage due to N 
in Calluna, which may lead to an overall loss of competitiveness, may take several 
decades to occur. As such, the short time-scale of the mesocosm experiment will have 
limited the opportunity for these long-term effects to occur.  
 
These limitations aside, the mesocosm experiment indicated some of the processes by 
which P limited heathland may be detrimentally affected by N deposition in the short 
term. Nutrient accumulation in plant tissue and litter are likely to be a feature of this, 
together with an altered expression of phenology, and these changes may have an 
underlying role in the vegetation community shifts that have been observed in other 
experiments. 
 
6.1.3 Interactions between heathland management and N deposition 
The effects of heathland management were considered by two aspects of the 
investigation. The manipulation experiment at Thursley investigated how a gradient 
of management intensities modified the ongoing effects of N deposition and N 
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deposition recovery. The 2005 survey indirectly examined the effects of time since 
last management (being an analogue of stand age). Since low intensity mowing had 
been used almost exclusively on these heathlands (David Allen, pers comm.), the 
effects of differing management intensities were not a factor in the 2005 survey.  
 
The gradient of management intensities that were employed in the Thursley 
manipulation experiment demonstrated that management intensity has a significant 
ongoing effect on rates of Calluna canopy development. Although there were signs 
that these effects were beginning to fade, some eight years since management had 
taken place, the magnitude of the persistent effects over this period remained in 
proportion to the intensity of historical management applied. The higher intensity 
managements reduced rates of productivity and led to other changes, such as increases 
in bryophyte cover.  There were few significant interactive effects, however, between 
N deposition and management.  
 
Conclusions regarding the benefits of high intensity managements as an N deposition 
control method, in particular the high temperature burn, should be regarded with a 
degree of caution. Gimingham (1972) observes that high intensity fires may be 
difficult to control and in addition, it may be particularly hard to regulate soil surface 
temperature. If temperatures at the soil surface become too high, root stocks will fail 
to regenerate and Calluna may eventually be displaced by invasive plants. The 
management intensity studies by Hardtle et al. (2006), Britton et al. (2000) and Terry 
et al (2004), have suggested that an alternative high intensity technique, surface soil 
stripping (turf cutting), could effectively remove quantities of N that were equivalent 
to up to 86 years of N deposition and would also prevent grass invasion. This high 
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intensity technique is considered to be a suitable management for some UK 
heathlands (UKBAP, 1995). Given the uncertainties involved with burning, the turf-
stripping approach probably represents the most effective long-term strategy for 
controlling nutrient accumulation in heathlands. Grazing and burning, however, are 
currently the favoured techniques for heathland conservation management in the UK, 
possibly because grazing in particular has general public support (Surrey County 
Council, 2008, Staffordshire Country Council, 2006, Hampshire Country Council, 
2008). 
 
In the survey, the most striking effect of management was the increased sensitivity of 
pioneer phase Calluna tissue chemistry to N deposition in comparison with older 
vegetation. Pioneer vegetation may, therefore, potentially be more sensitive to N 
inputs, and this sensitivity may affect on the successful re-establishment of a Calluna 
stand following management. Increased herbivory, for example, as a result of elevated 
foliar N concentration could affect pioneer phase re-establishment. Gimingham 
(1972) observes that if the re-establishment period is unsuccessful and a closed 
canopy does not form, invasive species such as grasses or bracken will rapidly take 
over.  
 
The significant responses to N deposition in mature stands of the 2005 survey 
possibly arose as a result of nutrient accumulation effects (e.g. soil N, foliar N, foliar 
P, Table 4.2). It follows, considering that the main outcome of heathland management 
is nutrient export (Barker et al., 2004, Niemeyer et al. 2005, Gimingham, 1972), that 
an accumulation of nutrients will have taken place with longer time-scales since 
management. An indicator of this was found with the total soil N, soil P and litter 
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depth parameters that were each gradually increased by stand age in comparisons 
between phases. These processes of nutrient accumulation, which are thought to be 
linked to N deposition, emphasise the importance of a regular cycle of nutrient export 
using heathland management, particularly under elevated N deposition loads.  
 
6.1.4 The effects of N deposition to heathlands at a national scale 
The surveys of 2005 and 2007 were intended to examine how the impact of N 
deposition to heathland varies according to environmental factors such as 
management, geology, soil type and climate. The 2005 survey focused on the 
influence of management, using a small number of indicators and a relatively limited 
geographical range. The 2007 survey built on the southern survey of 2005, by re-
visiting some of the original sites and extending the geographical range to much of 
England, with a more detailed analysis of soil, litter and bryophyte parameters. Re-
sampling of some sites also enabled comparisons to be made, to quantify the effect of 
inter-annual variations with comparable indices. This indicated that large inter-annual 
differences existed between equivalent sites that were used in both surveys (Table 
6.1), it is most likely that these are due to climatic effects.  
 
 Sites surveyed in 2005 & 2007  
n = 13 
 
 Building phase 
2005 mean 
2007 mean % Difference 
Foliar N  
(%) 
1.6 
+/- 0.16
1.1 
+/- 0.04
45.4 
Foliar P  
(%) 
0.08 
+/- 0.01
0.11 
+/- 0.006
37.5 
Foliar N:P 16.0 
+/- 0.7
14.1 
+/- 1.2
13.5 
 
Table 6.1: Inter-annual comparison of equivalent indices from sites surveyed in both 2005 (July) & 
2007 (October). All data collected from building phase stands. 
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Both surveys (n = 49 unique heathlands) indicated that heathland vegetation was 
significantly affected by N deposition, despite other environmental factors that might 
be expected to modify or overwhelm the signal of N deposition. The most consistent 
indicators of this were foliar nutrient chemistry, particularly foliar P. Given that the 
effect of N deposition was significantly detectable throughout the moderate N 
deposition gradient of both surveys (7.4 – 30.8 kg ha-1 yr-1), this suggests lowland 
heathlands are particularly sensitive to N inputs (even at the lower end of this range). 
Several biochemical parameters in both surveys were sensitive to N deposition, 
mostly giving positive relationships, this suggests that a faster overall turnover of 
nutrients is taking place.  
 
The strongest relationships with N deposition in both surveys existed with foliar P 
concentration, which is a surprising finding. Foliar N in most other surveys (and 
manipulation experiments), typically has stronger relationships with N deposition than 
foliar P (Kirkham, 2001, Pitcairn et al. 1995, Carroll et al., 1999). The implications of 
the present study are that N deposition may stimulate a more rapid uptake of P from 
the environment, which may be mediated by N driven accelerated enzyme activities 
that were also a feature of these surveys. It has been suggested that N deposition 
principally accelerates the N cycle by encouraging a more rapid turnover of N in its 
biological compartments (Galloway et al., 2003). Given the findings of both surveys, 
however, it may be suggested that N deposition also accelerates rates of P turnover 
(and possibly also other nutrients (Rowe et al., 2008)). The increased litter depth and 
soil nutrient status found in both surveys as a response to N deposition indicate that N 
deposition leads to an accumulation of organic nutrients, most likely due to increased 
plant productivity (and possibly also reduced decomposition rates). This accumulation 
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of N-enriched organic matter could increase the long-term risk of heathland invasion 
by grasses such as Molinia and also considerably extend the length of ecosystem 
recovery periods for when N inputs are eventually reduced. 
 
Factors affecting the relative availability of nutrients in the surveys were also 
investigated using a combination of indicators including tissue nutrient chemistry, 
extractable (plant available) nutrient chemistry and total soil nutrient chemistry. An 
increase in one or more of these indices was considered to be evidence of increased 
nutrient availability. Geology and soil type had the strongest influences overall on 
these indices, particularly on Calluna foliar P. The most interesting facet this analysis 
revealed is that the seven Breckland East Anglian heathlands, which are based on 
chalk geology overlain by wind-blown sand (Watt, 1937), have the greatest foliar P 
concentration (2007 Breckland mean = 0.11 % P, other 2007 data = 0.03 % P). In 
addition, extractable P concentrations were also higher in these heathlands than in 
other areas (2007 Breckland mean = 3.9 mg kg-1, other 2007 data = 2.4 mg g-1). This 
finding is in accordance with observations by White (1997) that soils developed from 
marine deposits, such as chalk, contain greater quantities of P and therefore, P 
availability (and plant uptake) is likely to be high. Considering that East Anglian 
heathlands are also subject to some of the highest N deposition levels in the country, 
this increased P availability may further heighten the risk of permanent changes 
occurring to their vegetation. Such changes have been detected by Marrs (1993) and 
Marrs & Britton (2000), who attributed the increased grassiness of East Anglian 
heathlands in particular to high levels of N deposition, but did not consider the aspect 
of underlying geology. East Anglian heathlands are the first so far in the UK to have 
undergone a process of grass invasion that is considered to be due to elevated 
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background levels of N deposition. The chalk geology of this area and its influence on 
P availability is likely to have been an accelerating modifier of this process. 
 
6.1.5 Ecosystem recovery following a reduction in N load 
The recovery study aspect of the Thursley manipulation experiment allowed the rate 
of vegetation recovery to be quantified following a reduction of N inputs after 1996. 
In 2006 this experiment was in its tenth growing season since N addition had been 
stopped. At this point, the effects of N addition were still persistent, particularly in 
shoot phenology and the rate of canopy development. The persistence of these effects 
is most likely to be attributable to the store of microbial N that was originally 
identified at Thursley by Green (2005). The microbial store of N would only release 
N to plants gradually over time, as these microbes die and are decomposed. The 
gradual process of N transfer from microbial biomass to mineralisation and then into 
plant immobilisation is most likely to be responsible for the long duration of ongoing 
effects throughout the recovery period. The implications of these findings, particularly 
in N limited systems such as Thursley, are that a full recovery from N deposition is 
likely to be slow; indications are that this will take upwards of 10 years. Given that 
Thursley may be at the lower end of the range for soil organic status, however, (7.4 % 
SOM at Thursley against a median value of 35.9% SOM for the 2007 heathland 
survey, Chapt. 5), other sites could potentially have even more protracted recovery 
periods. Pilkington et al. (2005) showed that the retention of deposited N was directly 
dependent on the size of the soil organic layer. Larger stores of N in organic matter at 
other sites, in addition to microbial biomass N stores, could hold even greater 
quantities of N. This would potentially allow N to be released over even longer 
timescales, thereby protracting the recovery period beyond that which has been 
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observed at Thursley. Foliar chemistry and shoot extensions from the experiment at 
Thursley are positioned in the context of equivalent parameters from the heathland 
surveys in Table 6.2. 
 Thursley 
ongoing 
experiment 
(2005 & 2007) 
n = 64 
Thursley 
recovery 
experiment 
(2005 & 2007) 
n = 48 
2005 Survey 
Means of 
entire building 
phase dataset 
n = 28 
2007 survey 
Mean of entire 
dataset 
n = 32 
Mean foliar N (%) 
entire experiment 2005 
1.0 
+/- 0.02
0.9 
+/- 0.01
1.5 
+/- 0.01
 
Mean foliar P (%) 
entire experiment 2005 
0.11 
+/- 0.001
0.05 
+/- 0.001
0.11 
+/- 0.001
 
Mean foliar N:P  
entire experiment 2005 
18 
+/- 1.2
19.3 
+/- 1.1
13.3 
+/- 1.0
 
Mean shoot length (mm) entire 
experiment October 2007 
 40.9 
+/- 3.0
 93.5 
+/- 7.8
 
Table 6.2: Foliar parameter means from the Thursley experiment positioned in the context of data 
collected from the surveys of 2005 & 2007. Due to the unplanned wildfire, a complete set of data was 
not available for each year, so only directly comparable (same year) means are given. 
 
This comparison suggests that productivity levels are considerably lower in the 
Thursley experimental site than in other heathlands and that Thursley foliar N:P ratios 
may also be higher 
 
6.1.6 Interactions between wildfire and N deposition 
Given climate change scenarios that suggest an increase in the severity and intensity 
of heathland wildfires (Berry et al., 2004), the implications of the Thursley wildfire 
are particularly relevant for future conservation of UK heathlands. Wildfires have the 
capacity to export large quantities of N (Barker 2004), so the possibility of more 
regular wildfires could be suggested as being of potential benefit to heathlands. 
However, increasing wildfire frequency also has the long-term potential to 
permanently alter the character and structure of heathland vegetation.  
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The fire at Thursley re-invigorated some of the N deposition and management effects 
that had faded over time, particularly in the ‘recovery’ experiment. This effect was 
interpreted as being due to the increased sensitivity to N of juvenile regenerating 
vegetation. There may also have been a growth responses due to the initial ‘flush’ of 
nutrients washed back into the soil from ash, which will have been in greater 
quantities in former N addition plots. An increased sensitivity of juvenile vegetation 
to nutrient supply was also suggested by some of the responses in the detected by the 
2005 heathland survey (Chapt. 4). The repeated measures of fire that have been 
experienced in some plots at Thursley as a result of, firstly management burns and 
then wildfire, may have led to changes in vegetation abundance due to a degree of 
‘fire conditioning’ taking place in the vegetation. These fire conditioning effects could 
potentially have long-term consequences for the vegetation structure. To date there 
has been very little research on how the combined effects of N deposition and wildfire 
interact with heathland vegetation. 
 
The wildfire of 2006 was unfortunate with respect to the original intent of the 
recovery experiment because this was a high disturbance event that also resulted in a 
considerable export of N from the recovery experiment. However, this type of 
disturbance is an expected natural phenomenon that is typical of the longer term 
heathland cycle. Unexpectedly, it revealed some N related vegetation responses that 
were not detected before the fire. A confounding factor in interpreting the cause of 
these responses is the effect of fire burn temperature on regenerating vegetation. This 
is likely to have been more intense in the former N addition plots due to their greater 
canopy height, which is thought to result in higher burn temperatures (Gimingham, 
1972). It is difficult, therefore, to infer any direct causality in these vegetation 
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responses as being due to increased N availability, as they may equally (or partly) 
derive from differences in burn temperature. Owing to the dynamic successional state 
of heathland vegetation recolonising after a fire (Mallik & Gimingham, 1983), a 
clearer long-term picture is only likely to emerge in subsequent growing seasons. It 
will be interesting to see whether N deposition effects are still detectable after, for 
example, a five year period. If they are, it is possible that the previously discussed 
microbial biomass N store will still be mediating this. 
 
6.2 Critical load exceedance 
Lowland heathlands are protected by several international agreements, including 
European-wide legislation regulating pollution emissions, which also set maximum 
permissible targets for N deposition (Bobbink et al., 2002). These are subject to 
ongoing appraisal as part of the critical load approach, which is evaluated according 
to the presence of detectable changes occurring in the structure and functioning of 
ecosystems subject to elevated N inputs (Bobbink & Roelofs, 1995). Skeffington et 
al. (2007) observe that there is considerable uncertainty, however, when estimating 
critical loads, particularly as these N deposition effects may take several decades to 
appear and, inevitably, will also persistently and detrimentally affect vegetation for 
several decades after inputs are reduced. This belies the importance of long-term 
manipulation experiments, which may be ideally partnered with ecosystem modelling 
simulations run for longer than experimental time-scales. A 250 year simulation run 
was used by Terry et al. (2004) in a heathland N deposition modelling study that was 
calibrated according to data from long-term field manipulation experiments, including 
Thursley. The model revealed that long-term detrimental changes in vegetation 
dynamics and competition were likely to take place over the course of 250 years, 
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when regular heather beetle outbreaks also occurred. This had not yet been revealed 
by the field manipulation experiments that the model was based on. A modelling 
approach, with a basis in primary field data, enables such insights to be gained, which 
may allow critical loads to be refined in the future. 
 
The critical load range for lowland heathland in the UK is currently 10 -20 kg ha-1 yr-1 
(UK National Focal Centre, 2003), and an evaluation of this may be made according 
to the findings of the present study.  
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Figure 6.1: Scatter plot of a regression between total N deposition and Calluna foliar N from combined 
2005 & 2007 heathland survey data within the 10 - 20 kg ha-1 yr-1 critical load range. Dashed line given 
according to the 1.5 % Calluna foliar N ‘threshold’ of critical load exceedance suggested by Pitcairn et 
al. (2001) 
 
The 2005 and 2007 heathland surveys each contained a number of sites that were 
around or below this critical load. Focusing on these 28 sites (Fig. 6.1), reveals a 
significant positive relationship with N deposition (F = 1.01, P <0.05) (in the range 
13.2 – 19.9 kg N ha-1yr-1). Given that this relationship exists, it suggests that 
heathland vegetation from a wide geographical range of sites remains sensitive to N 
deposition within this critical load range. A significant response in tissue chemistry is 
evidence for a ‘detectable change’ in the normal functioning of this vegetation, 
however, this effect has only been observed in a ‘snapshot’ of data, from vegetation 
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tissue collected in 2005 and 2007. There may be other factors modifying the apparent 
strength of this response to N, such as inter-annual variations in climate. Pitcairn et al. 
(2001) suggested a foliar N concentration of 1.5 % as the threshold indicator value for 
critical load exceedance in lowland heathlands, on the basis of transects across 
Finland, Norway and Sweden and previous transects by Pitcairn et al. (1995,1998) 
away from livestock farms. This level was considered to be equivalent to the response 
to deposition of 20 kg N ha-1yr-1. The dashed line in Figure 6.1, at the threshold level 
of 1.5 %, coincides almost exactly with the regression line at 20 kg N ha-1yr-1, 
agreeing with the relationship suggested by Pitcairn et al. (2001). Given that a 
significant regression line also extends below this 1.5 % level, however, the foliar N 
indicator threshold for lowland heathland critical load exceedance may actually be 
even lower than was suggested by the transect survey of Pitcairn et al. (2001). 
 
The ongoing manipulation experiment at Thursley involves N addition at 30 kg N ha-
1yr-1, which is well in excess of the critical load range. However, the recovery 
experiment (former additions of 7.7 – 15.4 kg N ha-1yr-1) is around the critical load 
range, with the lowest historical treatment being considerably lower than this. The 
significant responses to N deposition in this experiment must be considered on 
balance, however, with the fact that these former treatments were in addition to 
background levels of deposition at the site. Background deposition for Thursley has 
been calculated as ~ 8 kg N ha-1yr-1, so the combined N load for the ‘high’ N 
treatment was actually above the critical load level (whereas the ‘low’ N treatment 
was within it). The experiment indicates, however, that consistent responses exist 
within the critical load range, according to those effects detected in the ‘low’ N 
treatment. It is also significant that these responses have persisted 10 years after the 
 215
original additions had ceased. The consistent responses detected within the critical 
load range at Thursley include changes in Calluna growth rates, shoot phenology, and 
ground flora cover. 
 
At Thursley, where P availability is thought to be sufficient and the vegetation has 
remained N limited, N deposition increased rates of productivity. In the P limited 
mesocosm experiment, however, N deposition did not alter productivity, but affected 
vegetation in a different way. The most consistent of these effects was on shoot 
phenology, which was significantly altered by N addition at 20 and 60 kg N ha-1yr-1. 
This response (near the critical load range in the ‘low’ N treatment) suggests that, 
despite P limitation, Calluna is still sensitive to N inputs. Altered shoot phenology has 
the potential to incur ongoing damage from late spring frosts (Carroll et al., 1999), 
which may be a factor contributing to opening up of the canopy and subsequent grass 
invasion (Aerts & Berendse, 1998, Heil & Bruggink, 1987), although this effect has 
only been observed to a limited scale so far in the UK (Cunha et al., 2002). Wassen et 
al. (2005) consider that most European ecosystems are P limited, so by implication, a 
large number of heathlands in both the wide-scale surveys of 2005 and 2007 may 
have also been P limited. The strongly significant responses to N deposition found in 
both surveys suggests, therefore, that heathlands with a range of relative nutrient 
availabilities (and with many of these likely to be P limited) are affected by N 
deposition at levels close to (and within) the critical load range. 
 
Projected climate change scenarios for the 21st century suggest that the critical loads 
for some habitats may need revising (Posch, 2002). On a European scale, it is thought 
overall that the features of increased temperatures, altered precipitation patterns and 
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changes in primary productivity are likely to increase critical loads, particularly in 
European forests, leading to a reduced incidence of critical load exceedance (Posch, 
2002). It is thought that this will occur mainly because of greater rates of productivity 
and, therefore, increased N uptake. However, increased soil microbial activity as a 
result of climate change could also lead to reductions in some critical loads. An 
investigation of N-P (co)-limited arctic heath by Gordon et al. (2001) suggests that 
increases in net mineralisation rates caused by a changed future climate may increase 
P availability, leading to a lower critical load being needed for arctic heath. Greater P 
availability in response to N deposition is also an effect suggested by both the surveys 
in the present study. Given that many lowland heathlands may be N-P (co)-limited, 
increased microbial activity and greater levels of P availability arising from climate 
change could potentially reduce the critical load for heathlands. 
 
6.3 Further research 
6.3.1 Extending the geographical range of long-term manipulation experiments 
Given the limited geographical extent of long-term lowland heathland manipulation 
experiments in the UK, it would be worthwhile to carry out similar experiments at a 
number of UK lowland heathland types. These types were identified by Chapman 
(1980, 1989), being largely defined according to their geology and climate, and this 
aspect has also been evaluated by the present study. There is inadequate knowledge 
currently about how different heathlands that are influenced by various geologies, 
with a range of soil types and varying climates each differ in their responses to N 
deposition. The inferences that have so far been made with regard to all UK 
heathlands are on the basis of the findings from a limited number of long-term 
manipulation studies that may not be entirely representative of the situation 
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nationwide. It would be worthwhile to extend the N manipulation methodology, 
therefore, to encompass a greater range of lowland heathland types in the UK. Given 
the significant enzyme responses to N suggested by the 2005 and 2007 surveys, it 
may also be worthwhile to evaluate the wider use of other indicators, such as acid 
phosphatase (PME) or phenol-oxidase, in addition to the more usual physical 
measurements of vegetation and analyses of tissue chemistry. 
 
6.3.2 Investigating the effects of N deposition by vegetation survey  
The investigation has demonstrated the value of vegetation surveys in detecting the 
signals of N deposition. This approach has been used comprehensively by other 
investigators, most notably in the UK with the Countryside surveys of Smart et al. 
(2003, 2004). Surveys of this nature, however, including those by Smart et al. (2003, 
2004), have employed indices of species diversity, or changes in N indices as 
indicators of N deposition effects. Although this approach has been fruitful, it was 
noted by Pitcairn et al. (2004) that plant community dynamics may be greatly affected 
by a variety of confounding factors, in addition to N deposition. Hence, bioindicator 
indices that are based on species presence may be potentially misleading.  
 
The biochemical indicator approach that was used by the two surveys of the present 
study has proved to be a reliable and robust indicator of some potentially quite subtle 
N deposition effects, within a moderate N deposition gradient that is representative of 
UK lowland heathland. The biochemical indicators used by both surveys have also 
revealed possible changes in the functioning of other nutrient cycles in response to N 
deposition and shed light on potential mechanisms that underlie this (e.g. enzyme 
activities). The independent heathland survey of Rowe et al. (2008) also arrived at a 
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similar outcome. Biochemical indicators in surveys potentially allow for a better 
understanding of the processes that underpin large scale changes in plant communities 
as a result of N deposition. These large scale gross effects, however, are all that can 
be measured by species diversity indices or Ellenberg N values. It is the processes that 
underpin these changes lead will potentially to more incisive understandings and 
ultimately aid habitat conservation. Future research, therefore, could involve 
additional surveys along the methodological lines of the present study to quantify the 
impact of N deposition to heathlands and potentially also other UK vegetation types. 
It is proposed that, in particular, the biochemical indices of tissue nutrient chemistry 
and soil and litter enzyme activities would serve as suitable indicators for such 
surveys. This biochemical survey approach could also be applied more widely to 
extensively investigate other drivers of vegetation change, such as those due to the 
effects of climate change or tropospheric ozone pollution.  
 
6.3.3 Nutrient cycling 
An unexpected facet of both surveys was the indication that N deposition appears to 
be driving the more rapid cycling of nutrients other than N. In the present study this 
aspect was only explored with respect to P, however, the survey of Rowe et al. (2008) 
also suggested that a rapid cycling of other nutrients such as potassium is taking 
place. Most research in this area to date has been focused specifically on changes in N 
biochemistry and N cycling (Johnson et al. 1998, Phoenix et al. 2003a, 2003b, 
Pilkington et al. 2005a, 2005b, 2007, Edmonson, 2007) rather than directly examining 
the effects on other nutrients. Changes in the functioning of other nutrient cycles will 
undoubtedly have significant implications for vegetation and it may be worthwhile to 
investigate these processes further. The present study has suggested that increased P 
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availability arises as a consequence of changes driven by an accelerated N cycle, 
which is an aspect of the ‘N cascade’ hypothesis that was proposed by Galloway et al. 
(2003). The increases in rates of enzyme activity, in combination with increased 
tissue, litter and soil concentrations of P (Table 5.2) uphold the view that N deposition 
is accelerating P turnover. 
 
As a consequence of increased demand for nutrients due to N loading, in combination 
with more rapid processes of mineralisation and immobilisation, other nutrients may 
also be potentially driven into a state of more rapid turnover. There may ultimately be 
a limited capacity of heathlands to supply these other nutrients in the long-term, 
however, particularly as many of these are not part of such mobile biogeochemical 
systems, as the N cycle. Changes in the normal functioning of other nutrient cycles 
may have significant consequences, therefore, leading potentially to complex 
limitations in other nutrients in ways that have not been hitherto foreseen. 
Appreciably, there are currently a great many unknowns in this area so further 
research may be needed to explore the effects of N deposition on other nutrient cycles 
and the reasons why this occurs. 
 
6.3.4 Future environmental scenarios: climate change and ozone 
Climate change has been highlighted as a potential driver of substantial changes in 
heathlands for the future (Emmett et al., 2004). The projected increases in 
temperature of up to 2.4 °C, rainfall by 10 % by 2050 and extreme droughting events 
that have been predicted (UKCIP, 2007) are likely to be to the detriment of lowland 
heathlands, particularly considering the narrow climatic optima that this habitat exists 
in, being also based on well drained sandy soils (Gimingham, 1972). There is also 
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evidence that Calluna is highly sensitive to drought (Cawley, 2001, Green, 2005, 
Sheppard et al., 2008). Climate change manipulation experiments by Rustard et al. 
(2001), Schmidt et al. (2004), Richardson et al. (2002) and Emmett et al. (2004) have 
indicated that accelerated productivity, changes in tissue chemistry and heather beetle 
outbreaks may in combination reduce the competitiveness of Calluna and lead to 
overall long-term changes in vegetation dynamics. Given that these responses are also 
very similar to the typical effects of N deposition, there is likely to be an interactive 
(or additive) effect of N deposition alongside climate change, particularly when 
considering the detrimental effect that N also has on drought stress (Cawley, 2001, 
Power et al., 1998b). Further to these impacts, tropospheric ozone is known to be an 
additional problem for vegetation and this is likely to become of greater significance 
in the future (Bobbink, 1998). The phytotoxic effects of ozone have the significant 
potential to add to some of the combined damage that is likely to be caused by N 
deposition and climate change to heathlands in the future. Given the likely combined 
future scenarios for climate, elevated N deposition and ozone pollution, long-term 
manipulation experiments may be needed to explore how these processes interact and 
affect heathland vegetation. 
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Appendices 
 
 
 
Appendix 1: Site descriptive details for pioneer phase sites in 2005 
survey (Chapt. 4) 
 
 
Site ID 
UK Grid 
ref. Soil type Geology 
Mean 
Canopy 
height 
(cm) 
Mean 
Litter 
depth 
(mm) 
AGGLESTONE COMMON SZ025828 Sandy-humose Bagshot sands 9.0 5.0 
ARNE SY971889 Sandy Bagshot sands 25.0 13.0 
BERNERS HEATH TL798763 Sandy Chalk 7.0 7.0 
BLACKDOWN COMMON ST117166 Mudstone PermiAn breccias 15.0 20.0 
BRAMSHOT COMMON SU858334 Sandy Greensand 12.0 5.0 
BRETTENHAM HEATH TL918860 Sandy Chalk 13.0 55.0 
CHOBHAM SU968659 Sandy-clayey Bagshot beds 20.0 15.0 
COLDHARBOUR SY924904 Sandy-humose Bagshot sands 20.0 22.0 
FRENSHAM SU850403 Loamy-sandy Greensand 11.0 12.0 
GODLINGSTON HEATH SZ009824 Sandy-humose Bagshot sands 15.0 30.0 
HIGHER HYDE COMMON SY852732 Sandy-clayey Bagshot sands 23.0 22.0 
KINGSLEY HEATH SU792381 Loamy-sandy Bagshot beds 5.0 7.0 
KNETTISHALL HEATH TL952805 Sandy Chalk 21.0 20.0 
LAKENHEATH WARREN TL754811 Sandy Chalk 10.0 11.0 
LUDSHOTT SU851353 Loamy-sandy Bagshot beds 10.0 17.0 
NEW FOREST SU228016 Loamy-clayey Bagshot sands 10.0 15.0 
QUANTOCKS ST150379 Loamy-clayey Hangman grits 5.0 5.0 
RAMSDOWN COMMON SZ132973 Sandy-humose Bagshot beds 21.0 15.0 
SHORTHEATH SU776367 Loamy-sandy Greensand 16.0 5.0 
SILCHESTER SU621623 Sandy-clayey Bagshot beds 10.0 22.0 
STOKE PERO COMMON SS880433 Loamy-clayey Hangman grits 13.0 15.0 
STUDLAND HEATH SZ026849 Sandy-humose Bagshot sands 17.0 10.0 
THURSLEY COMMON SU910406 Sandy Greensand 20.0 35.0 
WOODBURY COMMON SY034865 Loamy-sandy Greensand 10.0 15.0 
YATELEY HEATH SU840593 Sandy Bagshot beds 11.0 10.0 
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Appendix 2: Site descriptive details for building phase sites in 2005 
survey (Chapt. 4) 
 
Site ID UK Grid ref. Soil type Geology 
Mean 
Canopy 
height 
(cm) 
Mean 
Litter 
depth 
(mm) 
AGGLESTONE SZ025828 Sandy-humose Bagshot sands 30 41 
ARNE COMMON SY971889 Sandy Bagshot sands 20 14 
BERNERS COMMON TL798763 Sandy Chalk 54 60 
BLACKDOWN COMMON ST117166 Mudstone Permian 52 42 
BRAMSHOT HEATH SU858334 Sandy Greensand 30 46 
BRETTENHAM HEATH TL918860 Sandy Chalk 20 32 
CARRINE COMMON SW794433 Loamy-silty Mylor series 31 40 
CHOBHAM COMMON SU968659 Sandy-clayey Bagshot beds 46 37 
COLDHARBOUR SY924904 Sandy-humose Bagshot sands 35 30 
FRENSHAM COMMON SU850403 Loamy-sandy Greensand 32 22 
GODLINGSTONE HEATH SZ009824 Sandy-humose Bagshot sands 20 32 
HAZELEY COMMON SU748588 Loamy-sandy Bagshot beds 32 49 
HIGHER HYDE HEATH SY852732 Sandy-clayey Bagshotsands 40 30 
HORNERS HEATH TL782771 Sandy Chalk 60 75 
KINGSLEY COMMON SU792381 Loamy-sandy Bagshot beds 47 35 
KNETTISHALL HEATH TL952805 Sandy Chalk 76 88 
LANDS END SW345247 Sandy Granite 9 2 
LUDSHOT HEATH SU851353 Loamy-sandy Bagshot beds 32 49 
NEW FOREST SU228016 Loamy-clayey Bagshot sands 47 35 
OCKHAM COMMON TQ082586 Sandy Bagshot beds 33 57 
QUANTOCKS ST150379 Loamy-clayey Hangmangrits 60 77 
RAMSDOWN COMMON SZ132973 Sandy-humose Bagshotbeds 42 31 
SILCHESTER COMMON SU621623 Sandy-clayey Bagshotbeds 23 40 
STOKEPERO COMMON SS880433 Loamy-clayey Hangman grits 45 37 
STUDLAND HEATH SZ026849 Sandy-humose Sand 32 40 
THURSLEY COMMON SU910406 Sandy Greensand 37 33 
WOODBURY COMMON SY034865 Loamy-sandy Greensand 50 35 
WOOLMER COMMON SU783306 Loamy-sandy Greensand 45 110 
YATELEY HEATH SU840593 Sandy Bagshot beds 54 90 
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Appendix 3: Site descriptive details for mature phase sites in 2005 
survey (Chapt. 4) 
 
 
 
Site ID UK Grid ref. Soil type Geology 
Mean 
Canopy 
height 
(cm) 
Mean 
Litter 
depth 
(mm) 
AGGLESTONE SZ025828 Sandy humose Bagshot sands 70.0 78.0 
ARNE SY971889 Sandy Bagshot sands 41.0 32.0 
BERNERS HEATH TL798763 Sandy Chalk 93.0 150.0 
BLACKDOWN COMMON ST117166 Mudstone Permian 52.0 88.0 
BRAMSHOT HEATH SU858334 Sandy Greensand 55.0 49.0 
BRETTENHAM HEAT TL918860 Sandy Chalk 62.0 90.0 
CARRINE COMMON SW794433 Loamy silty Mylor 45.0 27.0 
CHOBHAM COMMON SU968659 Sandy clayey Bagshot beds 100.0 75.0 
CLAYHIDON TURBARY ST153152 Loamy clayey Greensand 65.0 79.0 
COLDHARBOR SY924904 Sandy humose Bagshot sands 60.0 40.0 
FRENSHAM COMMON SU850403 Loamy sandy Greensand 37.0 70.0 
GODLINGSTONE HEATH SZ009824 Sandy humose Bagshot sands 75.0 82.0 
HIGHER HYDE HEATH SY852732 Sandy clayey Bagshot sands 60.0 40.0 
HORNERS HEATH TL782771 Sandy Chalk 60.0 90.0 
KINGSLEY COMMON SU792381 Loamy sandy Bagshot beds 45.0 55.0 
KNETTISHALL HEATH TL952805 Sandy Chalk 80.0 95.0 
LAKENHEATH WARREN TL754811 Sandy Chalk 52.0 44.0 
LUDSHOTT COMMON SU851353 Loamy sandy Bagshot beds 95.0 77.0 
NEW FOREST SU228016 Loamy clayey Bagshot sands 70.0 52.0 
OCKHAM COMMON TQ082586 Sandy Bagshot beds 90.0 110.0 
QUANTOCKS ST150379 Loamy clayey Hangman grits 42.0 37.0 
RAMSDOWN COMMON SZ132973 Sandy humose Bagshot beds 70.0 67.0 
SHORTHEATH COMMON SU776367 Loamy sandy Greensand 42.0 40.0 
SILCHESTER COMMON SU621623 Sandy clayey Bagshot beds 65.0 80.0 
STOKE PERO COMMON SS880433 Loamy clayey Hangman grits 60.0 63.0 
STUDLAND HEATH SZ026849 Sandyhumose Sand 40.0 35.0 
THURSLEY COMMON SU910406 Sandy Greensand 65.0 170.0 
WOODBURY COMMON SY034865 Loamy sandy Greensand 110.0 100.0 
WOOLMER COMMON SU783306 Loamy sandy Greensand 105.0 95.0 
YATELEY HEATH SU840593 Sandy Bagshot beds 60.0 55.0 
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Appendix 4: Site descriptive details for all sites in 2007 survey 
(Chapt. 5) 
 
 
Site UK Nat Grid ref. 
Altitude 
(m) 
Canopy 
(cm) 
Shoot length 
(mm) 
Litter depth 
(mm) 
Humus 
depth (mm) Soil category geology 
ARNE SY9775187402 3 36 +/-  2.4 74.1 
+/- 9.4 5.5 
+/-  1.1 20.5 
+/-  3.5 Organic-sand Sand 
ASHDOWN TQ4619429132 145 54 +/-  10.1 92.5 
+/- 8.2 18.5 
+/-  1.4 61.1 +/- 9.9 Silt Sandstone 
BERNERS TL7936977017 48 60 +/-  13.6 129.3 
+/- 20.0 9 
+/-  2.4 36 +/- 11.6 Sand Chalk 
BLACKDOWN ST1145915810 241 37 +/-  7.8 73.8 
+/-  13.6 8.7 
+/-  2.6 66.6 +/- 12.5 Organic Sand 
BUDBY SK6171669340 55 72 +/-  13.2 132.7 
+/- 20.1 22 
+/-  5.9 13.3 +/-  1.4 Sand Sandstone 
CANNOCK SK0013916916 205 56 +/-  8.9 127.7 
+/-  33.1 36.9 
+/-  6.4 20.4 +/- 2.6 Organic-sand Sandstone 
CARN SW7943453710 62 44 +/-  10.1 86 
+/- 9.6 15.89 
+/-  5.5 2 +/- 0.3 Organic Sandstone 
CAVENHAM TL7576372742 15 48 +/-  9.8 82.3 
+/-  11.1 17 
+/-  4.4 NA  Sand Chalk 
CHASEWATER SK0331808689 158 69 +/-  13.2 70.2 
+/-  13.2 19.2 
+/-  2.7 79.7 +/-  22.2 Organic-sand Sandstone 
CHOBHAM SU9664966143 47 56 +/-  12.0 84.6 
+/-  14.5 27.7 
+/-  3.6 22.7 +/- 9.7 Sand Gravel 
COLDHARBOUR SY9248090631 38 47 +/-  3.4 77.8 
+/-  16.2 10.3 
+/-  1.9 11.8 +/- 3.3 Sand Sand 
DUNWICH TM4707368106 1 59 +/- 12.0 97.5 
+/-  19.1 15.7 
+/-  1.6 16.6 +/- 3.9 Sand Clay 
HIGHERHYDE SY8528790398 58 52 +/- 11.4 96.5 
+/-  20.1 10.1 
+/-  2.0 37.3 +/- 17.2 Organic Sand 
HORNERS TL783770 NA NA  NA  NA NA NA Chalk 
KIRKBY TF2232562144 13 74 +/- 10.6 123.6 
+/-  34.4 20.5 
+/-  2.2 34.3 +/-  11.6 Sand Clay 
KNETTISHALL TL9524780481 13 73 +/- 14.5 64 
+/- 18.2 34 
+/-  3.9 33 +/-  13.1 Sand Chalk 
LAWRENCE SK2529879777 284 73 +/-  15.5 89.1 
+/- 17.6 57.7 
+/- 13.6 64.1 +/- 16.7 NA Gritstone 
LEASH SK2992574526 282 60 +/-  12.4 93.4 
+/- 17.1 34 
+/- 5.4 29.6 +/- 12.6 NA Gritstone 
LINWOOD TF1329587593 37 31 +/-  3.6 110.5 
+/- 23.1 16.1 +/- 3.4 NA Organic-sand Clay 
LUDSHOTT SU8515735319 157 44 +/- 7.8 121.6 
+/- 33.1 13.2 
+/-  4.5 28.5 +/- 9.7 Sand Gravel 
NEW SU2292201639 63 41 +/- 9.9 68.2 
+/- 18.1 27.2 
+/-   4.4 28.2 +/- 4.6 Organic-sand Sand 
NORTH TM4550659016 47 31 +/- 10.2 69.4 
+/- 17.6 24.7 
+/-  5..2 16.7 +/- 3.3 Sand Clay 
ROWSLEY SK2763665831 290 41 +/- 11.6 105 
+/- 19.2 47 
+/-  18.7 39.6 +/- 14.7 NA Gritstone 
ROYDON TF6806622198 16 50 +/-  11.4 125 
+/- 18.2 23.4 
+/-  7.2 NA   Organic-sand Chalk 
SHERWOOD SK5875260107 134 53 +/-  15.6 72.1 
+/- 29.4 1 
+/-  0.1 NA  Sand Gravel 
THURSLEY SU9135540156 98 62 +/-  17.8 164.5 
+/- 34.4 17.9 
+/-  11.1 17 +/-  1.2 Sand Sand 
TYVERTON SW7269451999 80 20 +/-  5.6 57.9 
+/-  11.6 9.9 
+/-  1.3 16.3 +/- 3.3 Brownearth Granite 
WEATHER TL782776  NA NA  NA  NA NA NA Chalk 
WENHASTON TM4204774879 19 37 +/-  8.4 72 
+/-  10.2 27.1 
+/-  2.1 78.1 +/- 29.2 Sand Clay 
WINFRITH SY8076387164 41 40 +/- 9.3 64.5 
+/-  3.8 5.4 
+/-  1.9 29.4 +/- 6.3 Sand Sand 
WOODBURY SY0302786637 139 33 +/- 11.1 77.9 
+/-  8.9 14.8 
+/-  2.7 19.3 +/- 7.2 Organic-sand Sand 
YATELEY SU8265358891 57 63 +/- 9.6 101.4 
+/-  32.1 40.1 
+/-  7.8 13 +/- 1.4 Sand Gravel 
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